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ABSTRACT 
A study was made on morphological and c y t o l o g i c a l features of four 
Rivuiariaceae s t r a i n s from marine, p a r t i a l l y s a l i n e and freshwater 
environments using three versions of s a l i n e and freshwater media (standard. 
- Fe. low P). A brackish Anabaena sp. was used f o r comparison. 
Subculture to - Fe medium led to marked changes i n morphology and cytology. 
These were (base to apex): a series of new heterocysts a p i c a l to the 
o r i g i n a l one. i n t r a - t h y l a k o i d a l v acuolation. lack of cyanophycin granules, 
presence of polyphosphate granules, pale colour, brown sheath, short h a i r 
and low h a i r i n e s s . With low P medium, the changes were the opposite. 
Hairs d i d not form i n C a l o t h r i x D253 i n s a l i n e medium, whether the 
c u l t u r e s were i n - Fe or low P medium. Downshift from s a l i n e to 
freshwater medium led t o the synchronized development of h a i r s i n most 
trichomes. whereas the r e c i p r o c a l u p s h i f t led t o loss of h a i r s . 
The Fe content was studied i n three Rivulariaceae and Anabaena i n batch 
c u l t u r e i n high and low P media, which e v e n t u a l l y led to Fe- and P-
l i m i t a t i o n . r e s p e c t i v e l y . The content reached a maximum by 24 h i n a l l 
s t r a i n s , decreasing subsequently from 1.80 - 0.06 % dry weight. 
Siderophore production was t e s t e d i n four Rivulariaceae and Anabaena i n 
s a l i n e and freshwater media. Two C a l o t h r i x s t r a i n s and Anabaena produced 
a siderophore i n freshwater medium. Influence of Fe status on nitrogenase 
a c t i v i t y was t e s t e d i n two Rivulariaceae and Anabaena i n s a l i n e and 
freshwater media d u r i n g batch c u l t u r e . Peaks of nitrogenase a c t i v i t y i n 
the former came three t o f i v e days a f t e r the Fe peak, by which stage Fe 
content had dropped to w i t h i n the range 0.6 - 0.3 * dry weight. In 
c o n t r a s t , peak a c t i v i t y i n AMbaena came w i t h i n a day of the Fe peak. 
A d d i t i o n of Fe t o F e - l i m i t e d c u l t u r e s led to r a p i d increase i n a c t i v i t y . 
The s i g n i f i c a n c e of these data on morphology, cytology and physiology 
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1 INTRODUCTION 
1.1 Blue-green algae i n s a l i n e environments 
Blue-green algae are widespread i n s a l i n e environments, being esp e c i a l l y 
abundant i n i n t e r t i d a l areas (Whitton and Potts. 1982) and they may play an 
important r o l e i n p r o d u c t i v i t y (Wiebe et a l . , 1975). However a v a i l a b i l i t y 
of Fe may be a l i m i t i n g f a c t o r f o r t h e i r growth (1.32). 
Since t h i s t h e s i s i s concerned w i t h Fe i n s a l i n e environments, a few remarks 
on the in f l u e n c e of s a l i n i t y on d i s t r i b u t i o n of algae may be us e f u l . I t i s 
questionable whether most of the i n t e r t i d a l blue-green algae can be c l e a r l y 
separated from freshwater forms, on the basis of t h e i r s a l t tolerance. For 
instance. Fan (1956 i n Fogg et a l . . 1973) concluded t h a t C a l o t h r i x 
scopulorum was a form of the freshwater species C. p a r i e t i n a . Indeed, 
p h y s i o l o g i c a l studies (Stewart. 1964) have shown t h a t marine i s o l a t e s of C. 
scopulorum and Nostoc entophytum can grow w e l l a t s a l i n i t i e s approaching 
those i n which freshwater i s o l a t e s grow. I n a comparison of marine and 
freshwater algae Stam & Holleman (1979) provided evidence t o show t h a t 
marine i s o l a t e s were g e n e r a l l y more h a l o t o l e r d n t than t h e i r freshwater 
counterparts and they suggested t h a t these d i f f e r e n c e s could be g e n e t i c a l l y 
determined. Most p h y s i o l o g i c a l i n f o r m a t i o n about i n t e r t i d a l blue-green 
algae i s i n r e l a t i o n t o t h e i r n i t r o g e n f i x a t i o n a c t i v i t i e s (Whitton & Potts. 
1982). Although there are many reports r e f e r r i n g t o F e - l i m i t a t i o n i n 
n a t u r a l phytoplankton populations (Menzel & Ryther 1961: Van Baalen 1962; 
Lewin & Chen 1971; Entsch 1 1983) there are none i n i n t e r t i d a l a l g a l 
communities. As a re p r e s e n t a t i v e f a m i l y of blue-green algae. Rivulariaceae 
was chosen f o r the present study. Further d e t a i l s of t h e i r growth may be 
found i n S i n c l a i r (1977). Wood (1984) and Whitton (1987). 
1.2 I r o n i n the environment 
1.21 Speciation. t r a n s f o r m a t i o n and s o l u b i l i t y 
Although i t i s the f o u r t h most abundant element i n the earth's c r u s t , Fe 
occurs only a t a very low dissolved concentration i n s a l i n e and fresh 
waters. I r o n may e x i s t i n s o l u t i o n i n e i t h e r the d i v a l e n t , Fe , or the 
3+ 
t r i v a l e n t , Fe . form (Stumm & Lee, 1960). I n anaerobic environments Fe 
e x i s t s predominantly as Fe^^. and a t pH values close t o ne u t r a l i t forms 
i n s o l u b l e polymers of hydroxides, carbonates, s i l i c a t e s and phosphates (Page 
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& Huyer, 1984). However the amount of Fe taken i n t o , or retained In 
s o l u t i o n , i s g e n e r a l l y greater f o r Fe than f o r Fe (Stumm & Lee. 1960). 
2+ 
In most n a t u r a l waters the s o l u b i l i t y of Fe I s c o n t r o l l e d by the 
s o l u b i l i t y of FeCO^, Fe(0H)2 and FeS. whereas other i n s o l u b l e F e ( I I ) s a l t s 
are of less s i g n i f i c a n c e I n n a t u r a l waters (Hutchinson. 1957). 
The o x i d a t i o n - r e d u c t i o n cycles are important components of the 
blogedchemical c y c l i n g of the element (Stumm and Lee 1960). T r i v a l e n t Fe 
may undergo r e d u c t i o n t o Fe^ "*" i f a s u i t a b l e reductant i s a v a i l a b l e . For 
example. H s^ components, which are thermodynamlcally unstable i n the 
' 3+ 
presence of dissolved oxygen, are capable of reducing Fe . However the 
tendency f o r t h i s t o take place increases w i t h decreasing pH (Stumm & Lee. 
1960). A dynamic cycle i n which Fe^ "*^  i s reduced t o Fe^*. and then 
3+ 
o x i d i z e d back t o Fe through i n t e r a c t i o n s w i t h oxygenated organics has been 
suggested (Morgan & Stumm, 1965). Conversely. I t has been suggested that 
2 + 
Fe produced through b i o l o g i c a l r e a c t i o n s and chemical or photo-reduction 
of Fe"^ "^  (McMahon. 1969) i s not always oxidized immediately (Huntsman & 
Sunda, 1980). Several organic compounds, as w e l l as increased c h l o r l n i t y . 
have been shown t o slow the o x i d a t i o n r a t e remarkably (Kester et a l . . 1975) 
3+ 2-^ 
and humic and tannic acids have been shown t o reduce Fe to Fe . 
p a r t i c u l a r l y a t low pH values (Thels & Singer. 1974). 
Although Fe was thought t o be extremely I n s o l u b l e i n aerated n a t u r a l 
waters, i t may be f a r more soluble than was previously thought. For 
instance, Byrne & Kester (1976) found t h a t f r e s h l y - p r e c i p i t a t e d hydrous Fe 
oxide has a s o l u b i l i t y I n seawater of 1 - 2 x 10"® M L"^. s i x orders of 
magnitude more than c a l c u l a t e d by Cooper (1937). They proposed that 
Fe(OH)^ and Fe(OH)^'^ were the dominant soluble forms at pH 8.0 although 
these data seem t o c o n t r a d i c t those of Kester et a l . (1975; see 1.44). 
The d i s t i n c t i o n between the dissolved and p a r t i c u l a t e f r a c t i o n s i s an 
a r b i t r a r y one. u s u a l l y made on the basis of f i l t r a t i o n . I t i s common 
p r a c t i c e t o define "dissolved" m a t e r i a l as t h a t which w i l l pass through a 
f i l t e r membrane w i t h a pore diameter of approximately 0.5 - 1 ym. The Fe 
f r a c t i o n passing through a HA M i l l i p o r e f i l t e r (pore s i z e 0.45 pm) i s 
u s u a l l y considered as the "solu b l e " f r a c t i o n (Brooks et a l . . 1967). This 
c o n s i s t s of t r u l y soluble complexes of f e r r i c Fe plus c o l l o i d a l f e r r i c 
hydroxide and phosphate p a r t i c l e s . C o l l o i d a l Fe i s s t i l l a c o n t r o v e r s i a l 
subject i n the l i t e r a t u r e and i t i s not cl e a r whether to consider i t as 
dissolved or so l u b l e . 
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1.22 Concentrations of Fe i n n a t u r a l waters 
Many re p o r t s give concentrations of Fe i n n a t u r a l waters, but only a few 
examples are quoted here i n order t o give a broad idea. The Fe 
concentration i n near-shore surface waters ranges between 0.2 - 4.8 yg L ^  
and those of open-ocean surface waters vary between 0.4 - 4.1 pg L"^ 
(Chester & Stoner. 1974). Haraguchi & Fuwa (1982) measured 0.1 - 61.8 pg 
L ' ^ Fe i n open-ocean surface waters, using graphite furnace atomic 
absorption spectroscopy. Aston & Chester (1973) reported 3 pg and 670 
pg Fe as 
r e s p e c t i v e l y . 
the means of Fe concentrations i n most sea and River water 
1.3 I r o n i n a l g a l physiology 
1.31 Role of Fe 
As w i t h other organisms Fe plays many r o l e s i n algae ( K e l l y , 1974). 
The b i o l o g i c a l importance of Fe i s due i n p a r t t o i t s a b i l i t y t o e x i s t at 
the two redox s t a t e s (Neilands. 1974); i t can accept or donate electrons 
according to the o x i d a t i o n p o t e n t i a l of the reactions (Raymond et a1., 
1984). 
I r o n i s an i n d i s p e n s i b l e component of photosynthesis (Price, 1968; 
S p i l l e r & Terry, 1980; Hardie et a l . . 1983). I t a f f e c t s the synthesis of 
the major photosynthetic pigments c h l o r o p h y l l a and c-phycocyanin (Oquist. 
1971). and i t i s incorporated i n t o f e r r e d o x l n and the Fe-sulphur proteins 
which play a r o l e i n photosystem I (Bengis & Nelson. 1977). Iron functions 
both as a s t r u c t u r a l component and as a cofact o r f o r enzymic reactions. I t 
a f f e c t s synthesis and f u n c t i o n of a l l cytochromes, the cytochrome oxidase 
complex, catalase, peroxidase and fe r r e d o x i n s ; examples f o r blue-green algae 
include Hlyama e t al^. (1985) and Cohn et al.. (1985). Iron i s also involved 
i n n i t r o g e n a s s i m i l a t i o n , since f e r r e d o x i n i s required as the elec t r o n donor 
f o r both n i t r a t e and n i t r i t e reductase a c t i v i t i e s (Huntsman & Sunda. 1980. 
Verstreate et a l . . 1980). Moreover Fe i s a major component of nitrogenase. 
w i t h 34 atoms of Fe i n each molecule (Eady & Smith. 1979). and more i s 
requ i r e d i n associated e l e c t r o n - c a r r i e r p r o t e i n s as a cofactor f o r 
nitrogenase (Mortenson & Thornley, 1979). 
A number of studies have shown the e c o l o g i c a l importance of Fe i n blue-
green algae, i n p a r t i c u l a r because i t can a f f e c t the a b i l i t y of these 
organisms t o compete w i t h the other m i c r o f l o r a present i n na t u r a l ecosystems 
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(Haibach et al_. . 1985). I r o n appears t o play an Important r o l e i n blue-
green mats i n i n t e r t i d a l sediments (Skyrlng & Johns, 1980). presumably by 
concentrating Fe on the c e l l w a l l ; when a l g a l c e l l s migrate t o form a new 
l a y e r , the Fe remains behind w i t h the mat's deb r i s . Hartman (1984) has 
2+ 
speculated t h a t Fe*^  might have acted as an e l e c t r o n donor, instead of 
sulphide, i n microorganlsras which formed m i c r o b i a l mats i n the Precambrian 
era. The a b i l i t y of some blue-green algae t o secrete siderophores (Fe 
c h e l a t o r ) appears t o play an Important r o l e i n t h e i r d i s t r i b u t i o n as w e l l as 
t h a t of other micro-algae (1.41). 
1.32 I r o n i s a l i m i t i n g n u t r i e n t 
I r o n i s o f t e n a key f a c t o r l i m i t i n g a l g a l growth, both i n freshwaters 
(Shelske, 1962; Sakamoto, 19i71; Goldman, 1972) and perhaps even more so i n 
marine environments (Menzel & Ryther, 1960, Davles, 1970; Glover, 1977; 
Huntsman & Sunda, 1980; Brand et a l . , 1983; Entsch et a l . , 1983 ). The 
a d d i t i o n of Fe t o n a t u r a l assemblages can lead t o s t i m u l a t i o n of growth and 
photosynthesis (Sakamoto, 1971; M i l l e r e t a l , 1974). However, a reduction 
of growth and photosynthesis f o l l o w i n g Fe a d d i t i o n can also sometimes occur 
as a r e s u l t of a decrease i n soluble P (Harrison & Morel, 1983). esp e c i a l l y 
where the assemblages are close to P - l l m l t a t i o n . 
F e - 1 I m i t a t i o n may also be a key f a c t o r i n f l u e n c i n g the broader 
d i s t r i b u t i o n of micro-algae, as between coastal and open waters (Ryther & 
Kramer 1961) because Fe i s associated w i t h land drainage and i s therefore 
present a t higher concentrations i n coastal compared w i t h open waters. 
Many techniques have been used t o determine whether Fe i s a l i m i t i n g 
n u t r i e n t by a n a l y s i s of p h y s i o l o g i c a l s t a t e . These Include the measurement 
of macromolecules i n the c e l l (Healey & Henzded, 1980), element composition 
(Rhee & Gotham, 1980; Harrison & Morel, 1986), k i n e t i c parameters associated 
w i t h n u t r i e n t uptake (Zevenboom e t a l . , 1982) and measurement of 
photosynthetic products both i n marine and freshwater (Konopka & Kshnur. 
1980) environments. 
1.33 A l g a l Fe content 
Algae can concentrate w i t h i n t h e i r c e l l s elements which are present i n 
minute q u a n t i t i e s i n t h e i r environment. Knauss and Porter (1954) showed 
t h a t the amount of t r a c e elements, such as Fe, Mn and Zn taken up by 
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C h l o r e l l a pyrenoidosa i s p r o p o r t i o n a l t o the concentration present i n the 
c u l t u r e medium. S i m i l a r l y , Hayward (1969) showed t h a t the amounts of Fe, 
Mn and Zn present i n the c e l l s of Phaedactylum tricornutum depend upon the 
e x t e r n a l concentration of these elements i n the c u l t u r e medium. The 
i n t e r n a l concentration was higher i n c e l l s . t r i c o r n u t u m , grown i n f u l l 
s t r e n g t h ASP^ compared w i t h those grown i n h a l f - s t r e n g t h medium. 
Although much i s known about the Fe composition of other algae, only two 
r e p o r t s are a v a i l a b l e about Fe concentrations i n blue-green algae. In the 
f i r s t r e p o r t , the minimum concentration of Fe i n healthy c e l l s of 
Synechococcus sp. was 0.06 % of dry weight compared w i t h 0.01 % f o r 
extremely F e - d e f l c i e n t c e l l s , w h i l s t healthy c e l l s grown i n batch c u l t u r e 
were able t o accumulate up t o 0.18 % Fe, suggesting a possible mechanism f o r 
storage of Fe (Entsch et a l . . 1983). In the second r e p o r t , the average of 
Fe i n d r i e d c e l l s was 3626 ppm Jones and Carr (1978). The Fe content of 
eukaryotic microalgae also v a r i e s considerably. For Instance, the Fe 
content ranged between 0.17 - 4.59 % dry weight i n Phaedactylum tricornutum 
(Hayward, 1969) and 0.024 - 3.45 % dry weight i n C h l o r e l l a (Knauss & Porter, 
1954). Hayward (1968) showed t h a t the amount of Fe per c e l l i n 
Phaeodactylum t r i c o r n u t u m was not a constant q u a n t i t y , ranging from 0.02 -
3.14 X 10"^ g Fe. As the e x t e r n a l concentration of Fe increases the 
concentration per c e l l Increases although a t higher concentrations t h i s may 
include Fe i n p a r t i c u l a t e matter attached t o the c e l l w a l l rather than 
incorporated i n t o the cytoplasm. Goldberg (1952) has reported the minimum 
Fe content f o r phytoplankton d i v i s i o n of A s t e r i o n e l l a japonica to be 5.6 x 
10~^ mg F e / c e l l . which i s i n excess of t h a t reported by Hayward (1968). 
1.34 I r o n - d e f i c i e n c y i n blue-green algae, e s p e c i a l l y Rivulariaceae 
I n a d d i t i o n t o the general c h l o r o t i c e f f e c t of Fe d e f i c i e n c y (Price. 
1968), a s p e c t r a l s h i f t of the i n v i v o c h l o r o p h y l l a absorption peak from 
679 t o 673 nm has been reported f o r F e - d e f l c i e n t Anacystis nidulans (Oquist, 
1971, 1973). Hardie et a l . (1983) have shown t h a t Fe s t a r v a t i o n i n 
Agmenellum quadruplicatum led t o a decrease i n photosynthetic a c t i v i t y and 
an accumulation of i n t r a c e l l u l a r glucose followed by shortages of endogenous 
n i t r o g e n and carbon; i n s p i t e of t h a t , A. quadruplicatum, remained f u l l y 
v i a b l e f o r extended periods of Fe d e p r i v a t i o n . I r o n s t a r v a t i o n led to 
accumulation of polysaccharide, followed by degradation of ribosomes, and 
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f i n a l l y the t h y l a k o i d membranes underwent s t r u c t u r a l m odifications and 
rearrangement before they too began to break down. Carboxysomes di d not 
appear to be a f f e c t e d d u r i n g periods of Fe d e p r i v a t i o n , but polyphosphate 
bodies may have been p a r t i a l l y degraded. Guikema & Sherman (1984) and 
Pakrasi et a l . (1985) also showed t h a t Fe d e f i c i e n c y i n Anacystis nldulans 
led t o a l t e r a t i o n s i n the composition and f u n c t i o n of t h y l a k o i d membranes i n 
Anacystis nidulans R2. A s t r i k i n g response t o F e - l l m i t a t i o n has been 
shown f o r Nostoc MAC, where a soluble Fe-containing f e r r e d o x i n was displaced 
by a non-Ee-containing f l a v o d o x i n (Hutber et a l . , 1977). 
C a l o t h r i x v l g u l e r i D253 produced h a i r s under Fe - d e f i c i e n t conditions i n 
freshwater media and the sheaths had a much deeper brown co l o u r a t i o n than 
other c u l t u r e s (Whitton e t a l . , 1973; S i n c l a i r & Whitton. 1977). The 
l a t t e r authors also showed t h a t s i x out of 16 s t r a i n s of Rivulariaceae 
produced h a i r s i n response t o Fe d e f i c i e n c y . Heterocyst frequency 
increased and h a i r s and i n t r a - t h y l a k o l d a l vacuoles developed i n C. p a r i e t i n a 
D184 under Fe-deficiency (Douglas et a l . , 1986). A f u n c t i o n a l s i g n i f i c a n c e 
has been suggested f o r h a i r s formed i n response t o P d e f i c i e n c y , but not so 
f o r those i n response t o Fe d e f i c i e n c y (Whitton, 1987). However the 
p o s s i b i l i t y has been r a i s e d t h a t h a i r formation under Fe d e f i c i e n c y might 
perhaps r e s u l t from an I n t e r a c t i o n i n some c e l l process leading t o P 
d e f i c i e n c y I n s p i t e of the presence of a high environmental concentration of 
P (Douglas et a l . , 1986; Whitton, 1987). 
The a d d i t i o n of Fe to F e - d e f i c i e n t c u l t u r e s can lead to a q u i t e rapid 
response; h a i r s were shed and hormogonia released i n various Rivulariaceae 
s t r a i n s from both l a b o r a t o r y and f i e l d ( S i n c l a i r and Whitton, 1977). 
Carboxysomes and phycobiliosomes increased r a p i d l y w i t h i n 6 h and new 
membranes were synthesized w i t h i n 12 - 18 h (Sherman & Sherman. 1983). 
When Fe was r e s t o r e d t o F e - d e f i c i e n t Agmenellum quadruplicatum. the 
i n t r a c e l l u l a r pigment l e v e l s increased r a p i d l y and growth resumed. 
1.4 Factors i n f l u e n c i n g a v a i l a b i l i t y and t r a n s p o r t of Fe 
1.41 I n f l u e n c e of c h e l a t i n g m a t e r i a l s 
( i ) Natural c h e l a t o r s 
Organic llgands are e s p e c i a l l y important i n t h a t they form dissociable 
complexes w i t h Fe ions, h e l p i n g t o keep them i n s o l u t i o n and to maintain 
concentrations of the f r e e i r o n a t optimum l e v e l s ; i n other words they act 
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as metal b u f f e r s ( S a u c h e l l i , 1969). The many types of chelate include 
humic. c i t r i c , t a r t a r i c , ascorbic and amino acids, but these are not always 
abundant, s t a b l e or s u f f i c i e n t l y e f f e c t i v e ( S a u c h e l l i . 1969; Sedlack et a l . . 
1983). 
I n t e r a c t i o n s between humic acids and Fe a f f e c t s i g n i f i c a n t l y the chemical 
e q u i l i b r i a and a v a i l a b i l i t y of Fe i n n a t u r a l waters (Shapiro. 1957). Under 
aerobic c o n d i t i o n s and a l k a l i n e pH. there i s almost complete p r e c i p i t a t i o n 
of Fe i n the absence of organic chelates, making i t unavailable to 
phytoplankton (Davies, 1970). The a d d i t i o n of organic chelates may 
s t i m u l a t e a l g a l growth by making r e l a t i v e l y i n s o l u b l e Fe •ore a v a i l a b l e f o r 
uptake. Johnson (1964) and Shapiro (1957) found t h a t a d d i t i o n of organic 
acid-Fe complexes increased Fe a v a i l a b i l i t y t o phytoplankton. and Lange 
(1970) suggested t h a t the s t i m u l a t i o n of blue-green a l g a l growth by f u l v i c 
acids was due t o organic acids h o l d i n g Fe i n s o l u t i o n . Conversely Prakash 
& Rashid (1968) demonstrated t h a t Fe-humic aci d complexes stimulated the 
growth of marine p h y t o f l a g e H a t e s and suggested s t i m u l a t i o n was not due to 
increased Fe a v a i l a b i l i t y but may be due t o use of humic acid as a 
h e t e r o t r o p h i c s u b s t r a t e . Giesy (1976) showed t h a t humic acids stimulated 
a l g a l growth I n the dark, w i t h and without a e r a t i o n , suggesting t h e i r use as 
a h e t e r o t r o p h i c s u b s t r a t e . However, i t might be argued that i f Fe i s to be 
a l i m i t i n g f a c t o r f o r primary production i n oceanic waters (Menzel & Ryther. 
3+ 
1961) then formation of Fe - c o n t a i n i n g organic complexes (Johnston. 1964 & 
Lewin & Chen. 1971) or the d i r e c t a s s o c i a t i o n of Fe-colloids w i t h the c e l l 
surface (Goldberg. 1952; Lewin & G u i l l a r d , 1963) may be necessary t o permit 
s u f f i c i e n t uptake. 
(11) A r t i f i c i a l c h e l a t o r s 
One of the major advances made i n the development of media f o r the 
c u l t u r e of microalgae was the i n t r o d u c t i o n of c h e l a t i n g agents as a means of 
c o n t r o l l i n g the concentrations of t r a c e metals necessary f o r growth. Their 
p r i n c i p a l r o l e i s t o maintain Fe i n s o l u t i o n i n forms adequate f o r algae 
n u t r i t i o n (Johnston, 1964). I n the absence of c h e l a t o r s , the a l k a l i n e pH 
of the c u l t u r e medium r e s u l t s i n almost complete p r e c i p i t a t i o n of Fe 
(Davies, 1970). EDTA. the most widely used a r t i f i c i a l chelator, forms 
s t a b l e chelates w i t h Fe®"*" and less s t a b l e complexes w i t h Fe^^ (Stumm. 1985). 
However i t was not e f f e c t i v e I n c h e l a t i n g Fe I n e i t h e r stored seawater or 
autoclaved c u l t u r e medium; i n both cases p a r t of the soluble Fe was 
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converted i n t o a p a r t i c u l a t e form (Lewin & Chen, 1974). A l t e r n a t i v e l y , 
adding more c h e l a t o r t o marine media i s not an advantage as, at pH values 
above 8.0, EDTA a c t i v e l y binds Mg and Ca. In a d d i t i o n , under some 
con d i t i o n s s t e r i l i z a t i o n may r e s u l t i n the formation of double Ca or Mg 
s a l t s , which are less soluble than Na-Ca-EDTA s a l t s and may cause large 
p r e c i p i t a t e s i n the medium and lead t o metal d e f i c i e n c i e s (Provasoli et a l . , 
1957). Anderson and Morel (1980) showed t h a t the Ca concentration i n the 
3+ 
medium would a f f e c t the a f f i n i t y of EDTA and NTA f o r Fe , i n the same way 
t h a t Ca a f f e c t s the e q u i l i b r i u m concentrations of Fe^*. 
Synthetic c h e l a t o r s , e s p e c i a l l y EDTA, can st i m u l a t e the growth of 
phytoplankton populations i n nature (Johnston, 1964; Barber et a l . , 1971) 
and i n c u l t u r e s (Johnston, 1964; Barber & Ryther, 1969). Barber et a l . , 
(1971) suggested t h a t phytpplankton may be F e - l i m i t e d due to the dominance 
of Fe oxide i n seawater, a c o n d i t i o n which may be improved by a d d i t i o n of 
EDTA. This s o l u b i l l z e s hydrous f e r r i c oxide and makes the Fe more 
a v a i l a b l e t o the phytoplankton (Lewin & Chen, 1971). Conversely. Jackson & 
Morgan (1978) claim t h a t EDTA i s u n l i k e l y t o improve Fe transport to the 
c e l l because the FeEDTA d i s s o c i a t i o n or exchange k i n e t i c s are presumably 
slow r e l a t i v e t o the d i f f u s i v e f l u x of Fe oxide. A l t e r n a t i v e l y , chelators 
may s t i m u l a t e growth through depression of t o x i c metal a c t i v i t i e s , such as 
Cu^^ (Anderson & Morel, 1978 Jackson & Morgan, 1978). 
( H i ) Siderophores 
3+ 
The s o l u b i l i t y of Fe a t n a t u r a l pH i s too low t o support anything 
approaching maximum growth rates (Neilands, 1982). Microorganisms under 
these c o n d i t i o n s are, t h e r e f o r e , presented w i t h the problem of obtaining the 
Fe they need f o r growth. A common s t r a t e g y f o r microorganisms to obtain Fe 
from t h e i r environment i s t o excrete c h e l a t i n g agents, c a l l e d siderophores. 
3+ 
which possess a very high a f f i n i t y f o r Fe and r e l a t i v e l y low a f f i n i t y f o r 
2 + 
Fe (Neilands. 1981). The term "siderophore" r e f e r s t o two general 
classes of m i c r o b i a l f e r r i c - c h e l a t i n g compounds, secondary hydroxaraates and 
catechols (Neilands, 1973). The production of siderophores has been shown 
i n Nostoc muscorum and Lyngbya sp. (Lange, 1974), Anabaena sp. and A. 
c y l i n d r i c a (Simpson & Neilands, 1976), the marine blue-green algae 
Agmenellum quadruplicatum and Coccochloris elabens (Armstrong & Van Baalen. 
1979), Anabaena c y l i n d r i c a (McKnight & Morel, 1980), i n the bloom-forming A. 
flos-aquae (Murphy e t a l . , 1976; McKnight & Morel, 1980) and i n Anabaena sp. 
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(Goldman et a l . . 1983; Clark e t a l . . 1987). Although most siderophores 
from blue-green algae appear t o contain hydroxamate groups, the only one 
whose s t r u c t u r e has been chemically determined i s schizokinen from Anabaena 
sp. (Simpson & Neilands, 1976, Lammers & Sander-Loehr, 1982). Schizokinen 
has been detected i n r i c e f i e l d s o i l , where I t presumably arises from blue-
green a l g a l i n h a b i t a n t s (Akers. 1983). 
The siderophores are taken up by s p e c i f i c , l a r g e l y unknown, transport 
systems (Neilands, 1977; 1981). Two possible mechanisms have been 
suggested f o r the removal of Fe from siderophores; h y d r o l y s i s of the 
siderophores followed by Fe removal, or i n s i t u reduction and release of the 
Fe^"^ (Neilands. 1981; Moody & Dailey, 1984). 
( i v ) I n t e r a c t i o n s between a l l types of Fe-chelators 
In presence of humic acids Fe i s associated w i t h both humic substances 
and hydroxyl ions a t a l k a l i n e c o n d i t i o n s , forming an apparently homogeneous 
s o l u t i o n and only d i s s o c i a t e s from humic substances a t low pH values 
(Tryland & Gjesslng, 1975). Nevertheless, Tryland & Gjessing found that 
f i l t r a t i o n of humic water w i t h EDTA added r e s u l t e d i n a s i g n i f i c a n t increase 
i n the concentration of Fe which was f i l t r a b l e f r a c t i o n . In the pH 
range 5 - 7 , about two t h i r d s of the Fe o r i g i n a l l y "connected" t o the humic 
substances had passed through the f i l t e r , i n d i c a t i n g t h a t Fe can be removed 
from organic complexes by EDTA. Lange (1970) showed t h a t f u l v i c a c i d , when 
used i n favourable r a t i o s w i t h e s s e n t i a l n u t r i e n t s , was oft e n much more 
e f f e c t i v e than w i t h a r t i f i c i a l combination, w h i l s t Giesy (1976) found that 
humic acids and EDTA, i n combination, had a greater e f f e c t on growth than 
when each was present s i n g l y . 
The a b i l i t y of algae t o o b t a i n chelated Fe depends l a r g e l y on the metal-
hydroxamate complex and the metal : ch e l a t o r molar r a t i o . Chelators w i t h 
high s t a b i l i t y constants ( f o r example schizokinen and desferrioxamine) bind 
an equimolar c o n c e n t r a t i o n of Fe (Molar & Morgan, 1972), w h i l s t chelators 
w i t h smaller s t a b i l i t y constants ( f o r exmple EDTA) bind less and do not 
compete w i t h siderophores ( B a l l y & Taub. 1980). This i s supported by the 
observation t h a t a l g a l c h e l a t o r s approach the e f f e c t of an a r t i f i c i a l EDTA 
plus c i t r a t e combination (Lange, 1974). Siderophores produced by bacteria 
and blue-green algae can remove Fe from FeEDTA, making i t a v a i l a b l e to these 
organisms (Anderson & Morel, 1982). 
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1.42 Influence of temperature 
I t has been w e l l e stablished t h a t temperature can influence the rate of 
d i f f u s i o n , carrier-mediated uptake, and c e l l metabolism i n general (Huntsman 
& Sunda, 1980). M i l l e r (1985) reported t h a t most prokaryotes a l t e r t h e i r 
membrane l i p i d composition i n response t o changes i n temperature. Such 
a l t e r a t i o n s are believed t o r e s u l t i n membranes w i t h physical 
c h a r a c t e r i s t i c s which permit proper membrane f u n c t i o n w i t h i n a p a r t i c u l a r 
temperature range. 
1.43 Influence of l i g h t 
I r o n i s u s u a l l y added t o media I n a soluble chelated form such as 
Fe(III)EDTA ( P r o v a s o l i e t a l . , 1957). Such chelates are thought t o allow 
2 + 
Fe t o be photo-reduced and released as soluble Fe (Hill-Cottingham. 1955) 
which can then be taken e f f i c i e n t l y and u t i l i z e d by algae, e i t h e r d i r e c t l y 
or a f t e r o x i d a t i o n t o i o n i c Fe (Owens & Chaney, 1971). The maximum rate 
of uptake by Th a l a s s l o s l r a w e l s s f l o g i l was achieved i n the presence of 
c h e l a t i n g agents ( e s p e c i a l l y CDTA and EDTA) and p a r t i c u l a r l y i n the l i g h t 
(Anderson & Morel, 1982), Flnden et a l . (1984) showed th a t F e ( I I I ) oxide. 
2+ 
w i t h l i g h t - i n d u c e d r e d u c t i o n , provided a continuous supply of soluble Fe 
Conversely, l i g h t d i d not a f f e c t Fe uptake by T. w e i s s f l o g i i i n the absence 
of c h e l a t o r s (Anderson & Morel, 1980). However, no detectable Fe uptake by 
I- w e i s s f l o g i l was found i n e i t h e r l i g h t or dark i n the presence of the very 
strong c h e l a t o r s , EDDHA and desferrlxamlne B (Anderson & Morel, 1982). 
S i m i l a r l y , poor growth of phytoplankton i n the presence of excess EDDHA has 
been reported by Johnston (1964). I t would thus appear t h a t the stable 
Fe(III)EDDHA complexes are not appreciably photodegraded or reduced. 
Generally, l i g h t influences n u t r i e n t uptake i n many ways: i t provides the 
energy necessary f o r a c t i v e t r a n s p o r t , supplies the carbon skeletons through 
photosynthesis which act as a sink f o r incorporated ions, stimulates the 
growth which r e s u l t s i n increased n u t r i e n t uptake and provides the energy 
f o r production of charged polymers which e s t a b l i s h Donnan p o t e n t i a l s (De 
Boer, 1981). 
1.44 Influence of pH 
pH i s known t o be a key f a c t o r i n r e g u l a t i n g the speciation of Fe and. 
consequently, Fe a v a i l a b i l i t y i n n a t u r a l waters. For Instance, i n the 
marine environment a t pH values above 7.0 more than 95 * of t r i v a l e n t i s 
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present as Fe(OH) and more than 90 % of d i v a l e n t i s present as FeOH*. 
2+ 
w h i l s t below pH 7.0 less than 20 * of d i v a l e n t i s present as Fe whereas 
3+ 
only about 2.7 * of t r i v a l e n t i s present as Fe (Kester et a l . , 1975). 
The s o l u b i l i t y of Fe i s influenced d i r e c t l y by pH and by the standard 
reduction p o t e n t i a l (E°) of the metal Ion and both can vary widely from 
outside t o the i n s i d e the c e l l (Morel and Hud.^son, 1985). The absorption 
of Fe by Chlamydomonas mundana was much great a t n e u t r a l or s l i g h t l y 
a l k a l i n e pH than a t a c i d i c one (MaCiasr, 1965). 
1.45 Influence of s a l i n i t y 
Salinity.may a f f e c t metal uptake, p a r t l y due t o s h i f t i n g chemical 
e q u i l i b r i a (Sunda et a l , . 1978) and p a r t l y t o the e f f e c t of s a l i n i t y has on 
both organic and inorganic complexatiOn. Increasing s a l i n i t y , f o r 
instance, reduces organic complexatlon of many metals due to increased 
competition f o r a v a i l a b l e s i t e s (Mantoura et a l . . 1978). Kester_et a l . . 
(1975) reported t h a t two f a c t o r s are Involved i n the e f f e c t of changes in 
2 + 
s a l i n i t y on Fe ; changes i n concentration of c h l o r i d e and sulphate-
complexing l i g a n d s ; and changes i n s t a b i l i t y constants w i t h i o n i c strength. 
They showed t h a t i n r i v e r water a t pH 8.0, d i v a l e n t Fe e x i s t s p r i m a r i l y as 
Fe , whereas i n marine water the FeOH species i s predominant. I n 
c o n t r a s t , however, t r i v a l e n t Fe e x i s t s predominantly as Fe(OH) i n both 
o 
marine and r i v e r water. Obviously, changes i n s p e c i a t i o n lead to changes 
i n a v a i l a b i l i t y of Fe and, u l t i m a t e l y , uptake by a l g a l c e l l s . 
1.46 Influence of i o n i c I n t e r a c t i o n and antagonism 
The e f f e c t of other metal ions an Fe absorption by plants appears to be 
q u i t e Important. High concentrations of cations (Ca. Cu. Mn, Zn) have been 
found t o reduce Fe uptake and are thought t o be a major f a c t o r causing Fe 
c h l o r o s i s (Brown, 1956; L i n g l e e t a l . , 1963). Since a l l c a t i o n i c trace 
metals e x h i b i t the same general c o o r d i n a t i o n p r o p e r t i e s and no ligand can be 
completely s p e c i f i c f o r one metal, i t has been suggested t h a t t o x i c metals 
act by b i n d i n g c o m p e t i t i v e l y t o s i t e s of t r a n s p o r t , a s s i m i l a t i o n or 
u t i l i z a t i o n of e s s e n t i a l metals (Morel & Morel-Lanrens, 1983). The best 
example of t h a t i s Cd which acts as an antagonist of Fe transport i n the 
T h a l a s s i o s i r a w e i s s f l o g i i . both by bi n d i n g c o m p e t i t i v e l y the s i t e of Fe 
t r a n s p o r t and i n t e r f e r i n g w i t h some i n t r a c e l l u l a r s i t e s of Fe a s s i m i l a t i o n 
or u t i l i z a t i o n (Harrison & Morel, 1983). 
29 
1.47 Influence of e x t e r n a l concentration of Fe 
There are marked d i f f e r e n c e s i n the a b i l i t i e s of d i f f e r e n t algae t o grow 
at low concentrations of i o n i c Fe (Brand et a l . , 1983; Murphy et a l . , 1976). 
Phaeodactylum t r l c o r n u t u m was able t o produce a s i m i l a r c e l l density at both 
low (0.045 mg L"^) and high (4.2 mg L~^) concentrations of Fe (Hayward 1968 
& 1969). However, Knauss & Porter (1954) showed t h a t the amount of Fe 
taken up by C h l o r e l l a pyrenoldosa i s p r o p o r t i o n a l t o the concentration 
present i n the c u l t u r e medium. 
1.48 Influence of phase of growth 
The p h y s i o l o g i c a l changes du r i n g the d i f f e r e n t phases of growth i n batch 
c u l t u r e may Inflejunce the metal's uptake. Exponentially growing c e l l s 
g e n e r a l l y take up metals a t a higher r a t e than c e l l s i n the s t a t i o n a r y phase 
(Morel et a l . , 1978; Bates et a l . , 1983) although Cain et a l . (1980) 
observed the opposite e f f e c t i n green alga Scenesdesmus obliquus. 
Phytoplankton species i n the ocean adj u s t t h e i r n u t r i e n t uptake rates 
according t o v a r i a t i o n s I n a v a i l a b i l i t y (Sunda & Huntsman, 1985; Harrison & 
Morel, 1986). Sunda & Huntsman (1986) postulated a number of mechanisms by 
which a l g a l species i n oceanic waters may achieve optimal growth: 
(a) required metals are taken up more e f f e c t i v e l y at low concentrations; 
(b) intr»-cellular metal pools are used more e f f i c i e n t l y ; 
(c) a lower maximum growth r a t e i s maintained which reduces the required 
r a t e s of uptake; 
(d) the f u n c t i o n a l enzymatic requirements are switched from metaloenzymes to 
non-metal enzymes, i . e . replacement of the Fe con t a i n i n g enzyme ferre d o x i n 
w i t h the a npn-metalllc enzyme flavodoaxln (Entsch et a l . , 1983). 
1.5 Mechanisms of Fe uptake 
The a l g a l c e l l surface I s composed of a mosaic of adsorption s i t e s , 
c o n s i s t i n g of c a r b o x y l i c , s u l p h y d r y l , phosphatldlc, amino and other groups. 
Some are believed t o be " p h y s i o l o g i c a l l y i n e r t " , w h i l s t others are 
" p h y s i o l o g i c a l l y a c t i v e " and lead t o t r a n s p o r t across the c e l l membrane. 
As many types of algae (diatoms, green algae, blue-green algae, 
d i n o f l a g e l l a t e s , coccolithophorlneae, prasinophytes) e x h i b i t s i m i l a r 
p r o p e r t i e s of metal accumulation i t has been suggested t h a t the uptake 
process I s s i m i l a r i n a l l these groups (Fisher e t a l . , 1983, 1984). A 
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general model of metal t r a n s p o r t by microorganisms has been proposed (Morel 
& Hudson, 1985): the c e l l e i t h e r synthesizes ligands which bind the metals 
s t r o n g l y a t the c e l l surface or uses the a c t i v i t y of surface bound enzymes 
to p r e c i p i t a t e metals e x t r a c e l l u l a r l y . The reduction of sulphate to 
sulphide (by membrane-associated sulphate reductase) and the d i f f u s i o n of 0^ 
and H^ O through the c e l l membrane provides a h i g h l y r e a c t i v e region where 
the metal can be complexed and p r e c i p i t a t e d (Stumm, 1985). 
Although Fe t r a n s p o r t i n m i c r o b i a l c e l l s has been studied extensively 
(Neilands, 1982. 1983), and a model of t r a n s p o r t i n eukaryotic algae 
suggested (Anderson & Morel. 1982) there are few p a r t i c u l a r reports of Fe 
t r a n s p o r t i n blue-green algae. I t has u s u a l l y been assumed th a t algae take 
up soluble i o n i c species of Fe. However, the stable form of Fe i n oxic 
waters of n e u t r a l or near-neutral pH i s Fe(OH)g and the i o n i c form i s 
r e l a t i v e l y scarce (1.21), A l g a l growth may th e r e f o r e cease or be severely 
c u r t a i l e d once I n i t i a l growth had used up the small amount of a v a i l a b l e Fe. 
The r o l e of c h e l a t i n g m a t e r i a l s i n Fe t r a n s p o r t has been discussed (1.41). 
I n the explanation of how a l g a l c e l l s can f r e e out the chelated Fe; there 
are three possible hypotheses f o r removal of Fe from chelates (Anderson and 
Morel. 1984): 
(a) The complex i s reduced and d i s s o c i a t e d a t the membrane surface: 
(b) Chelates are taken up i n t a c t and the Fe released w i t h i n the c e l l ; 
(c) The Fe-ligand chelate d i s s o c i a t e ^ o u t s i d e the c e l l and the f e r r i c complex 
i s recognized by receptors on the c e l l surface and transported across the 
membrane. 
Jackson & Morgan (1978) concluded t h a t the d i s s o c i a t i o n of FeEDTA i s too 
slow t o supply Fe t o the a l g a l c e l l , which could make the d i s s o c i a t i o n step 
unnecessary f o r uptake. They c i t e d experiments which showed that EDTA did 
not cross the phytoplankton c e l l u l a r membrane. However. Anderson & Morel 
(1982) showed t h a t a membrane-bound metal b i n d i n g complex, p h y t o t r a n s f e r r i n . 
t r a n s f e r r e d Fe across the membrane by a process not d i r e c t l y coupled to 
e i t h e r photosynthetic or r e s p i r a t o r y a c t i v i t y . 
Although i t has been suggested t h a t , l i k e higher p l a n t s , some macroalgae 
3+ 2+ 
may use a mechanism which involves r e d u c t i o n of Fe t o Fe before uptake 
(Marley, 1981), no s i m i l a r mechanism has yet been proposed f o r blue-green 
3+ 
algae. A Fe reductase has been characterized i n a photosynthetic 
bacterium (Moody & D a i l y 1985) which i s believed t o remove Fe from f e r r i c 
siderophores. Plasmids. as w e l l as chromosomes, have been reported to be 
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involved i n s p e c i f y i n g elements of the f e r r i c t r a n s p o r t system i n 
microorganisms (Neilands, 1982). 
1.6 Aims 
I r o n a v a i l a b i l i t y i s a key f a c t o r f o r a l g a l growth p a r t i c u l a r l y i n 
s a l i n e environments (1.32). Because a v a i l a b i l i t y I s very low (1.4). algae 
may develop p a r t i c u l a r s t r a t e g i e s t o deal w i t h t h i s problem. 
Rivulariaceae was chosen f o r study because they are one of the la r g e r groups 
of blue-green algae, being widespread, o f t e n n i t r o g e n - f i x e r s and show 
morphological f l e x i b i l i t y I n response t o n u t r i e n t l i m i t a t i o n . A brackish 
s t r a i n , C a l o t h r i x D253, was selected f o r i n t e n s i v e study. For c e r t a i n 
purposes, however, a d d i t i o n a l species (up t o 4 s t r a i n s ) from the same family 
were used. A brackish alga Anabaena D697 was used f o r comparison. 
The aims of study were t o i n v e s t i g a t e : 
(a) Morphological and c y t o l o g l c a l responses t o F e - l l m i t a t i o n ; 
(b) Accumulation o f Fe under various p h y s i o l o g i c a l conditions and i n 
p a r t i c u l a r whether an "overplus phenomenon" occurs; 
(c) Whether the s t r a t e g y of producing c h e l a t i n g materials (1.41) under Fe-
l i m i t a t l o n i s present i n Rivulariaceae; 
(d) Influence of Fe s t a t u s on nitrogenase a c t i v i t y , t o see the responses 
under l i m i t a t i o n and subp^quent a d d i t i o n of Fe. 
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2 MATERIALS AND METHODS 
2.1 General l a b o r a t o r y proc^e^ 
ErIenmeyer f l a s k s were used f o r l i q u i d media to maintain stock c u l t u r e s . 
prepare inocula and i n a l l experiments. They were plugged w i t h s i l i c o n 
bungs (Type S28, Sanko P l a s t i c L t d . Osaka. Japan). P r e - s t e r l l i z e d p l a s t i c 
p e t r i dishes ( S t e r i l i n , England) were used f o r s o l i d media. 
A l l glassware was washed w i t h detergent, r i n s e d throughly w i t h hot tap 
water and then soaked i n 10 * Analar HNO f o r a t l e a s t e i g h t hours before 
being rin s e d e i g h t times w i t h glass d i s t i l l e d water and d r i e d a t 100" C. 
Apparatus f o r phosphate ana l y s i s was given p r e l i m i n a r y washes i n 10 % H^ SO^  
and HCl separated by s i x rinses i n d i s t i l l e d water before being HNOg washed. 
Pipe t t e s and t i p s were soaked i n 10 % HNO f o r a t l e a s t one hour before 
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being r i n s e d e i g h t times i n glass d i s t i l l e d water and d r i e d a t room 
temperature. 
S i l i c o n bungs were cleaned a f t e r each experiment by soaking i n a 2 * 
s o l u t i o n of phosphate f r e e detergent (Decon 90. Decon Laboratories Ltd. 
England) f o r 20 - 30 min before being rin s e d e i g h t times i n glass d i s t i l l e d 
water and d r i e d a t 40' C. 
2.2 Chemicals 
Apart from HEPES and PIPES (Sigma), a l l chemicals used i n the preparation 
of media were of Analar grade, and obtained from B r i t i s h Drug Houses Ltd 
(BDH). Poole. England. 
2.3 Media 
Apart from a c h e l a t i n g agent (EDTA). and a b u f f e r (HEPES) the l i q u i d media 
used i n t h i s study are inorganic. A l l s a l t s were prepared i n high 
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concentrations (stock s o l u t i o n s ) I n M l l l l - Q water obtained from a M i l l l - Q 
water system ( M i l l i p o r e Corp.) 
2.31 Seawater 
Seawater was c o l l e c t e d from the Northumberland 1" 39'E 55 35'N (NU 
223324) coast near Sieahouses and stored i n p l a s t i c carboys a t 4° C i n the 
dark. The water was passed through a GF/C f i l t e r before use. 
2.32 Synthetic s a l i n e miedla 
At the s t a r t of the p r o j e c t s a l i n e media were made by supplementing 
e i t h e r ADP(l)Fe(0.4) or Chu-IOD(-N) medium w i t h the required percentage of 
seawater. Subsequently a modified version of the ASP medium (James. 1974) 
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( r e f e r r e d t o here as ASP^M) was used: the mo d i f i c a t i o n s were: 
(a) NaNOg omitted when used t o grow forms capable of f i x i n g n i t r o g e n : t h i s 
i s r e f e r r e d t o as ASP^M(-N): 
(b) T r i s b u f f e r , shown t o be t o x i c t o several algae (Mctachlan. 1963). 
replaced by HEPES: 
(c) Kg glycerophosphate replaced by KgHPO^; 
(d) Vitamins ( v i t a m i n B^^. b i o t i n and thiamine) omitted, as a preli m i n a r y 
experiment showed t h a t t h e i r absence, separately and i n combination, d i d not 
a f f e c t the growth ( v i s u a l obs ervalon) of s t r a i n s used; 
(e) Concentration of Co increased t o 0.01 mg L"'*' due t o i t s requirement by 
N g - f i x e r s ; 
( f ) A d d i t i o n of Br. I . and Ni on the basis of t h e i r requirements by blue-
% 
green algae (Bony, 1966; Almon Soger. 1983). 
The 30 % ASPgM(-N) was prepared as f o l l o w s ; 
(a) NaCL. CaCl^. KCl and MgSO^ were t r e a t e d as va r i a b l e s and s a l i n i t y was 
changed by a d j u s t i n g t h e i r p roportions I n the o r i g i n a l recipe. Thus. 30 % 
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r e f e r s t o s a l t percentage only, while other components were tr e a t e d as 
constants. 
The composition of ASPgM(-N). and 30 * ASPgM(-N) along w i t h 
concentrations of each element i n the o r i g i n a l medium i s shown i n Table 2.1 
and 2.2. I n some experiments, however, concentrations of some components 
were v a r i e d : d e t a i l s are discussed w i t h each experiment. Throughout the 
th e s i s the s a l i n e medium i s r e f e r e d t o as 30 % ASP^M(-N). while freshwater 
6 
medium t o Chu-IOD(-N). unless stated otherwise. 
Table 2.1 Composition of s a l i n e media (mg L ^  of s a l t s ) . 
4-^«2° 
12 







K Jpo SHgO 
T f i s Buffer 
HEPES 
Vitamlne B 
B l o t i n 
Thiamin 










( i ) ( i i ) f i l l ) 
ASP„ 6 ASPgM(-N) 30 * ASPgM(-N) 
24000.0 24000.0 7200.0 
8000.0 8000.0 240.0 
700.0 700.0 210.0 
150.0 150.0 45.0 
300.0 -
100.0 - -








5.0 2.54 2.54 
5.70 5.70 5.70 
0.245 1.94 1.94 
0.82 0,82 0.82 
0,110 0,110 0.110 
0.024 0.048 0.048 
- 0.0185 0.0185 
-. 0.012 0.012 
0.5 0.5 0.5 
- 0.085 0.085 
- 0,10 0.10 
28.49 28.49 8.55 
(1974). 
by B. A. Whitton and I . A. Mahasneh (1984). 
Algology Lab.. Durham U n i v e r s i t y 
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Table 2.2 Composition of s a l i n e media (mg L'^ elements). 
(1) (11) ( H i ) 
Element ASPg ASPgM(-N) 30 % ASPeM( 
Na 9485.7 9485.7 2845.71 
CI 15768.23 15768.23 4730.47 
Mg 789.13 789.13 236.7 
K 367.11 374.83 112.45 
Ca 40.89 40.89 12.27 
S 1040.88 1040.88 312.26 
N 49.4 - -
P 9.84 1.0 1.0 
B 0.997 0.997 0.997 
Fe 0.051 0.40 0,40 
EDTA 3.93 2.0 2.0 
Mn 0.201 0.201 0.201 
Zn 0.025 0.025 0.025 
Co . 0.005 0.01 0.01 
Cu - 0.0042 0.0042 
Ni - 0.0025 0.0025 
Mo 0.198 0.198 0.198 
Br - 0.0567 0.0567 
I - 0.0764 0.0764 
Table 2.3 Amount of Fe i n the components (as i m p u r i t i e s ) of saline medium 
using AAS-graphite furnce. Concentrations are i n f i n a l medium. 
Components Fe (mg L"M 
NaCl 0. 0011 
MgSO 0 .0044 
KCl 0. 0033 
CaClg 0 0042 
Trace elements 0. 0014 
K HPO4 0 .0034 
Na EDTA 0 0090 
HEPES 0. 0017 
M i l l i - Q water 0. 0005 
Sum of the above 0. 0290 
Whole medium 0. 0300 
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The amounts of Fe present i n s a l t s of s a l i n e medium as i m p u r i t i e s are 
given i n Table 2,3. The sum of these was 0.03 mg and Fe additions to 
the medium were based on t h i s . 
2.33 Freshwater media 
Chu-IOD(-N) ( S i n c l a i r & Whitton. 1977) was used as the basis f o r 
c o n s t r u c t i n g a freshwater medium, but the concentrations of Fe (0.5 mg L 
and P (1.78 mg L~^) i n the o r i g i n a l recipe were changed t o 0.40 and 1.0 mg 
f o r Fe and P, r e s p e c t i v e l y * i n order t o be the same as those i n saline 
medium. The EDTA concentration was changed t o maintain the normal molar 
r a t i o (1 : 0.96). The d e t a i l e d composition i s shown i n Tables 2.4 and 2.5. 
Table 2.4 Composition of freshwater media (mg of s a l t s ) 
S a l t ADP(l)Fe(0.4) Chu-IOD(-N) (modified) 
K.HPO^ 
MgSO . 7 H 2 O 
Na^SlO,,.5H„0 
Nagl ^ ^ 
NaHC t) : 
CaCl".2H,0 
KCl 2 ^ 
HEPES 
FeCl . 6 H 2 O 
Na EDTA.SHgO 
MnCl , 4 H 2 0 
MnSO^.HgO 
NaMoO .SHoO 











. - 15.85 














Table 2.5 Composition of freshwater media (mg L""^  of element) 
Element ADP(l)Fe(0.4) Chu-IOD(-N) 
P 1, ,0 1, .0 
S 26, ,0 3, .25 
CI 171, ,0 -Na. 90, ,5 8, ,44 
K 10, .02 2 .24 
Ca 18, ,1 9, .77 
Mg 19, ,7 2, .47 
Si • 2, .5 
Fe • Oi .4 0. .4 
Mn 0. .125 0, .012 
Mo :'. • 0. .025 0, .0025 
Zn 0, ,013 0, .12 
Cu ' 0, ,005 0, .002 
Co 0, ,0025 0, .002 
B 0, ,125 0, .125 
Ni 0.0025 -
2.34 S o l i d media 
1.0 Si agar (w/v) was added t o the mineral medium, autoclaved. allowed t o 
cool t o about 40" C and poured i n t o p r e - s t e r i l i z e d p e t r i dishes i n a laminar 
f l o w cabinet. S o l i d media were kept a t 4* C i n dark. These were used 
mainly f o r i s o l a t i o n and p u r i f i c a t i o n of c u l t u r e s and f o r r o u t i n e t e s t i n g 
f o r b a c t e r i a l or fungal contamination. 
2.35 B u f f e r s 
Media were b u f f e r e d by HEPES. chosen on the basis of i t s lack of 
i n t e r f e r e n c e i n b i o l o g i c a l systems (Smith and Foy. 1974). HEPES has a pKa 
of 7.5 a t 25° C. a l l o w i n g i t t o be u s e f u l i n the range 6.8 - 8.2. spanning 
the pH of s a l i n e and f r e s h waters. The media used, t h e r e f o r e , were 
b u f f e r r e d (2.5 mM HEPES) a t pH 7.8, s i m i l a r t o the pH of the n a t u r a l 
environment. Neither a d d i t i o n of Fe nor Na^EDTA t o the medium caused any 
change i n the; pH. 
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Use of pH probes 
I n a p r e l i m i n a r y experiment the a b i l i t y of fou r d i f f e r e n t electrodes to 
measure pH i n the presence and absence of HEPES was tested. The pH and the 
mV of s o l u t i o n s of s a l i n e and freshwater media were measured over 60 min 
w i t h pH b u f f e r s o l u t i o n s of pH 4.0, 7.0 and 9.0. There were marked 
d i f f e r e n c e s between electrodes used t o measure the pH of Chu-IOD(-N) (with 
0,75 mM and 2.5 mM HEPES) (data not shown). For instance, a decrease of 
0.25 pH u n i t s was recorded when an Orion Ross combination probe was used, 
w h i l s t a Russell combinatioh probe gave a very s t a b l e reading. 
Measurements of the pH of s a l i n e medium showed much smaller differences 
between electrodes. 
2.36 Cehlating agent 
D i f f e r e n t concentration of EDTA (as NagEDTA) was used f o r c h e l a t i o n i n 
c u l t u r e media throughout the work, d e t a i l s are given w i t h each case. 
2.37 S t e r i l i z a t i o n 
_2 
Media were s t e r i l i z e d by autoclaving a t 121' C and 103 KN m ( 1 5 l b 
- 2 
i n ) f o r 15 mln and allowed t o cool and r e - e q u i l i b r a t e w i t h atmospheric 
gases a t room temperature f o r a t l e a s t s i x hours. When the l i q u i d media 
contained a high c o n c e n t r a t i o i ^ of P. t h i s was autoclaved separately t o avoid 
p r e c i p i t a t i o n and added a s e p t i c a l l y t o each f l a s k . For the influence of 
s t e r i l i z a t i o n on Fe s o l u b i l i t y see 3.1, 
2.4 Laboratory experimental c o n d i t i o n s 
2 . 4 1 I l l u m i n a t i o n 
I n the shaking tanks continuous i l l u m i n a t i o n was supplied from beneath by 
warm white f l u o r e s c e n t tubes. I n growth rooms continuous I l l u m i n a t i o n was 
supplied from above by a bank of cool white f l u o r e s c e n t tubes. L i g h t 
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q u a n t i t y was measured using a Macam Quantum meter model QlOl (Nacam 
Photometric L t d . L i v i n g s t o n , Scotland). The l i g h t q u a n t i t y i n the tank i n 
ranged from 90 - 110 pmol photon m~^  s~^ PAR. To avoid the influence of 
l i g h t v a r i a t i o n s d u r i n g long-term experiments, f l a s k s were randomized twice 
a day and no f l a s k was incubated near thie edges of the tank. 
2.42 Temperature 
Growth rooms were a v a i l a b l e a t temperatures of 15. 20 and 32° C. Tanks 
were available! a t range of 15 - 32° C. 
2.43 Standard experimental conditions 
Experiments were c a r r i e d out, unless stat e d otherwise, i n Erlenmeyer 
f l a s k s c o n t a i n i n g 50-ail of medium a t 32° C. 90 - 110 iimol photon m~^  s~^ and 
continuous shaking i n tanks. A shaking mechanism moved the f l a s k s 
approximatly 30 mm h o r i z o n t a l l y 75 times a minute. 
2.5 Alga 1 _^M1 tures 
2.51 O r i g i n and environmental background of the s t r a i n s 
S t r a i n s were i s o l a t e d from s a l i n e environments i n Aldabra A t o l l and 
Jordan. D i c h o t h r i x sp. D696 and Anabaena arablgua D697 were i s o l a t e d from 
a sample c o l l e c t e d from a s a l i n e pool (Cinq Cases pool-3. Aldabra A t o l l ) . 
C a l o t h r i x s t r a i n s D704 and D705 were I s o l a t e d from a sample of sediment 
c o l l e c t e d from the i n t e r t i d a l zone of the Gulf of Aqaba. Jordan. A l l 
i s o l a t e s are r e f e r e d t o by t h e i r Durham c u l t u r e number. 
Three s t r a i n s ( C a l o t h r i x v i g u l e r i D253. C. p a r l e t i n a D550, Ca l o t h r i x 
D603) were also used from Durham Culture C o l l e c t i o n . D e t a i l s of a l l 
s t r a i n s are given i n appendix 3. 
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2.52 Test f o r p u r i t y 
The pure c u l t u r e s of the s t r a i n s i s o l a t e d were examined before each 
s u b c u l t u r i n g . and each experimental inoculum was tested as f o l l o w s : 
(a) A l g a l m a t e r i a l was examined m i c r o s c o p i c a l l y , i f no contaminants could be 
seen. then; 
(b) Small pieces of a l g a l m a t e r i a l were spread on agar plates of b a c t e r i a l 
and fungal t e s t media. This t e s t was c a r r i e d out i n a laminar flow 
cabinet, i t ' ^ s e l f t e s t e d p e r i o d i c a l l y . These media were used as described 
by Hoshaw and Rosowski (1973). The media were: n u t r i e n t broth, pepton-
glucose, yeast e x t r a c t and SST, Plates were incubated i n the dark at 32° C 
f o r two weeks and i f no contaminants were v i s i b l e ; 
(c) A l g a l m a t e r i a l was inoculated i n a r o u t i n e medi^*''*enriched w i t h 0.05 * 
sucrose + 10 mg L~^ N (as NH^) , Flasks were Incubated i n the dark and 
l i g h t a t 32* C f o r 2 - 1 0 days. I f c u l t u r e s d i d not appear cloudy or have 
obvious b a c t e r i a l growth they were re-examined as described i n (a) above. 
I f no contaminants could be seen i n any of these t e s t s i t was concluded that 
the t e s t e d s t r a i n was axenic. 
2.53 S u b c u l t u r i n g and malntainence 
Standard aseptic techniques were used f o r s u b c u l t u r i n g , using a 
h o r i z o n t a l laminar f l o w cabinet (Mlcroflow P a t h f i n d e r ) . For experimental 
s u b c u l t u r i n g a Gilson Pipettman w i t h s t e r i l e t i p s was used. For routine 
s u b c u l t u r i n g of stock c u l t u r e s , however, a s t e r i l e wire loop was used to 
t r a n s f e r a l g a l m a t e r i a l . 
Pure c u l t u r e s were preserved c r y o g e n l c a l l y i n l i q u i d n itrogen soon a f t e r 
t h e i r i s o l a t i o n i n t o an axenic s t a t e . Stock c u l t u r e s , however, were 
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maintained i n l i q u i d media contained i n 100-ral s t r a i g h t neck conical f l a s k s 
closed w i t h s i l i c o n bungs and incubated i n the growth room. 
2.54 Mass determination 
The washed a l g a l m a t e r i a l was d r i e d i n s i l i c o n c r u c i b l e s a t 105° C f o r 24 
h. On removal from the oven they were allowed t o cool i n a desiccator and 
were weighed on an O e r t l i n g R51 balance t o f i v e decimal places. 
2.55 Preparation of element-limited inocula 
Throughout the t h e s i s (unless s t a t e d otherwise) F e - l i m i t e d inocula were 
prepared by omission of Fe and reduction (X 0.75 and X 0.25 f o r s a l i n e and 
freshwater media) of c h e l a t i n g agent (EDTA). combined w i t h use of high P(10 
mg L " ' ^ ) . A moderate F e - l i m i t e d Inocula ( f o r studies i n Chapters 5. 7 and 
8.1) was prepared by twice s u b c u l t u r i n g (4 days each) i n P(10 mg L~^) Fe(0.2 
mg L~"^) before use i n the experiment. Phosphorus-limited inocula were 
prepared by twice (2 days each) s u b c u l t u r i n g I n P (0.05 mg L"'^ ) Fe(0.4 mg L~ 
^) before use i n the experiment. 
I r o n - and/or P - l l m l t e d c u l t u r e s were pooled and resuspended i n the 
desired medium w i t h the element t o be t e s t e d omitted. The a l g a l material 
was converted to a uniform suspension by passage through p r o g r e s s i v l y f i n e r 
needles ( 1 . 1 . 0.63 and 0.5 mm diameter. Sabre G i l e t t e Sur, g i g c a l Ltd. 
England). A l g a l m a t e r i a l were shaken vi g o r o u s l y before a l i q u o t s of 
homogenate were d i s t r i b u t e d i n t o f l a s k s . 
Standard c r i t e r i a f o r l i m i t a t i o n 
The c u l t u r e was considered to be l i m i t e d by an element i f there were 
marked change i n morphological and c y t o l o g i c a l features which could only be 
reversed by the a d d i t i o n of t h a t element. 
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2.6 A n a l y t i c a l procedures 
2 . 6 1 I r o n 
2 . 6 1 1 Routine use of Atomic Absorption Spectrophotometry 
A l l Fe determinations were performed on a Perkin-Elmer (PE) model 5000 
Atomic Absorption Spectrophotometer w i t h HGA 500 graphite furnace f o r the' 
low l e v e l concentrations, using matrix-matched standards and blanks. A l l 
determinations were performed using an air-C^Hj flame a t flow r a t e of 35 
each. The l i m i t of d e t e c t i o n of Fe was found t o be 0.03 and 0.005 mg L"^ 
f o r the flame and furnace, r e s p e c t i v e l y . 
2 . 6 1 2 A l g a l d i g e s t i o n 
Dried algae were digested i n 4-ml of 4.0 M HNO. {AAS grade) on a Tecam 
d r i - b l o c k f o r 45 min a t 110* C and then allowed t o cool t o room temperature. 
The c l e a r s o l u t i o n was separated from the p e l l e t by c e n t r l f u g a t i o n . 
t r a n s f e r r e d t o a 10-ml volumetric f l a s k and made up t o 10-ml w i t h M i l l i - Q 
water before being analyzed on AAS (2.611). 
2.62 Phosphorus 
F i l t r a b l e r e a c t i v e phosphorus (FRP) i n the medium was analyzed according 
to Eisenreich et a l . (1975). T o t a l a l g a l phosphorus was determined by 
d i g e s t i o n according t o B a t t e r t o n & Van Baalen (1968), 
2•7 Assays f o r c h e l a t i n g a c t i v i t y and siderophore 
( i ) B i o l o g i c a l assay 
This was c a r r i e d out by subculture the algae i n absence of both Fe and 
EDTA (Boyer et a l . . 1987). 
( i i ) Chemical assay f o r presence of siderophore 
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This made use of the perchlorate method of Clark et al,. (1987). Inocula 
were f i r s t washed three times and subcultured twice I n a version of Chu-
lOD(-N) medium l a c k i n g Fe or EDTA; the c u l t u r e s were then allowed t o grow to 
the s t a t i o n i r y phase. A known volume of c u l t u r e f i l t r a t e was concentrated 
to 20 * i n i t i a l volume. The assay was c a r r i e d out by d i s s o l v i n g the 
f i l t r a t e ( c o n t a i n i n g any siderophore) i n 5 mM FeCl^ i n 0.14 M HCIO^ . Any 
p a r t i c u l a t e m a t e r i a l was removed by f i l t r a t i o n and the spectrum measured . 
(each 1 0 nm] 
using a Shimadzu (model uy--150^02) double beam spectfephotometer. 
2-8 Nltrogenase a c t i v i t y 
Nltrogenase a c t i v i t y was estimated using the acetylene reduction assay 
technique (Hardy et a l . , 1973). The c u l t u r e s were maintained i n the normal 
medium i n Erlenmeyer f l a s k s . The t o t a l volume of f l a s k s was 128 + 1-ml. 
A l l experiments were performed under standard growth conditions (2.44). 
The assay s t a r t e d when the s i l i c o n bungs were replaced by g a s - t i g h t suba-
seal bungs (W. Freeman and Co., Barnsley, U.K.). 15-ml of acetylene (HOC) 
was i n j e c t e d i n t o each f l a s k , which was shaken s l i g h t l y before e q u i l i b r a t i o n 
of pressure by another needle. Samples were then incubated under the same 
experimental c o n d i t i o n s . Two c o n t r o l s were always used: 
(a) media + C^Hg 
(b) alga minus C^Hg 
A f t e r i n c u b a t i o n w i t h C^Hg f o r 60 minutes, the gas mixture was c o l l e c t e d 
i n 1-ml disposable syringes and the samples were analyzed by I n j e c t i o n i n t o 
a Varian Aerograph 1400 gas chromatograph equipped w i t h a hydrogen flame 
i o n i z a t i o n d e t e c t o r . was used as the c a r r i e r gas a t a r a t e of 45-ml 
min"^ and the 3.0 mm x 2.0 m column was packed w i t h "Porapak" R (Water 
Associates Inc., U.S.A). The operating c o n d i t i o n s were: detector 
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temperature. 150* C; column temperature, 100* C; hydrogen flow r a t e , 30-ml 
mln"^; a i r . 300-ml mln"^. 
Ethylene and acetylene peaks were i d e n t i f i e d on recorder traces by the 
r e t e n t i o n time and q u a n t i f i e d w i t h standard curves constructed from high 
p u r i t y ethylene standards (BDH Poole, Dorset, England) on the day of use. 
The r e s u l t s of nltrogenase a c t i v i t y were expressed as nmol CgHg mg dry wt~^ 
min"-'^. 
In order t o t e s t whether ethylene was present a contaminant i n the 
acetylene and f o r possible leakage of hydrocarbons from the suba-seal bungs 
(Postgate, 1972); blanks w i t h and without acetylene were also i n j e c t e d . 
2•9 Microscopy 
2 . 9 1 L i g h t microscopy 
A l g a l m a t e r i a l were examined using a Nikon Fluophot type 109 microscope. 
A Nikon M-350 camera was used f o r photography w i t h Kodak Technical pan 2415 
f i l m f o r black and white and Kodak Ektachrome Tungsten "professional" f i l m 
f o r colour p i c t u r e s . 
2.92 E l e c t r o n microscopy 
The f i x a t i v e (pH 7.0) f o r r o u t i n e f i x a t i o n was: 2.5 % (v/v) glutaraldehyde. 
1.0 % (v/v) formaldehyde and 0.05 M PIPES. M a t e r i a l was incubated 
overnight a t room temperature, followed by a r i n s e of M i l l i - Q water and an 
overnight soak i n PIPES b u f f e r (pH 7.0). A three t o five-minute wash i n 
0.05 M PIPES b u f f e r completed the f i x a t i o n . 
Fixed m a t e r i a l was washed twice i n M i l l l - Q water (15 minutes each) before 
being sta ined i n 1 % osmium t e t r o x i d e f o r one hour at room temperature. 
Stained m a t e r i a l was washed i n M i l l i - Q water before being passed through a 
dehydration s e r i e s c o n s i s t i n g of two 10-mln changes i n 10 *. 20 *. 50 75 
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*. 100 % ethanol. M a t e r i a l was soaked i n 1 : 1 alcohol : Spurr r e s i n 
(Spurr. 1969) f o r 24 h before being polymerized a t 70* C i n f r e s h Spurr 
r e s i n . U l t r a t h i n sections were cut using glass knives on a LKB Ultratome 
I I I Ultra-mlcrotone and c o l l e c t e d on a c i d etched (4 % HCl f o r 1 minute) 
copper palladium g r i d s . Sections were then stained f o l l o w i n g Reynolds 
(1963) f o r 20 minutes i n uranyl acetate, r i n s e d w i t h d i s t i l l e d water and 
counterstalned i n lead c i t r a t e f o r the same length of time. The g r i d s were 
then washed i n d i s t i l l e d wiater before being d r i e d and examined under a 
P h i l l i p s EM 400 transmission e l e c t r o n microscope. Kodak e l e c t r o n 
microscopy f i l m was used f o r a l l electron-micrographs. 
2.93 Morphological characters 
Morphological characters were selected f o r observation and 
q u a n t i f i c a t i o n . Dimensions were normally measured on 10 examples of 
t y p i c a l f i l a m e n t s , the measurments were rounded t o the nearest 0.5. For 
studies i n Chapters 5. 7 morphological changes were scored when they were 
f i r s t appeared. 
(1) Trichome 
(a) Basal width (width of the widest vegetative c e l l i n the basal zone): 
(b) A p i c a l width (width of the narrowest a p i c a l vegetative c e l l ) ; 
(c) length of v e g e t a t i v e p a r t of trichome ( l e n g t h between basal and ap i c a l 
l i v i n g c e l l ) : 
(d) A h a i r was defined as "a region of trichome where the c e l l s are narrow, 
elongated, h i g h l y vacuolated and u s u a l l y apparently c o l o u r l e s s " ( S i n c l a i r & 
Whitton, 1977). The extent to, which a p a r t i c u l a r trichome was h a i r y was 
expressed as a percentage of the t o t a l trichome length ( i n c l u d i n g the h a i r ) . 
The % h a i r i n e s s of a sample was expressed as the percentage of the t o t a l 
trichomes which possessed h a i r s , based on a count of 40 trichomes. 
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( i i ) Heterocyst 
The formation of secondary heterocysts i n Rivulariaceae (adjacent t o 
o r i g i n a l basal heterocyst - see 4.3) was expressed as percentage of t o t a l 
trichomes. Heterocyst frequency i n Anabaena D697 was measured on non-
homogenized m a t e r i a l , 
( i i i ) C e l l u l a r i n c l u s i o n s 
The extent of the presience of c e l l u l a r i n c l u s i o n s was expressed i n terms 
of the percentage of the c e l l p r o f i l e ( i . e . area) of a t y p i c a l trichome. 
which appeared t o be covered by a p a r t i c u l a r s t r u c t u r e . Cyanophycin 
granules were u s u a l l y i d e n t i f i e d by t h e i r c h a r a c t e r i s t i c r e f r a c t i v e 
appearance (Fuhs. 1973). To confirm the presence of granules i n young 
f i l a m e n t s they were stained w i t h Schneider's acetocarmlne (saturated 
s o l u t i o n of carmine i n 45 % a c e t i c a c i d ) . A drop of acetocarmlne was 
placed on a drop of dense a l g a l suspension and l e f t f o r a t l e a s t f i v e 
minutes f o r p o s t - v i t a l s t a i n i n g . A f t e r p l a c i n g c o v e r s l i p s on the s l i d e 
cyanophycin granules were examined a t a m a g n i f i c a t i o n 1000 X. 
Polyphosphate granules were i d e n t i f i e d using the method of Ebel e t a l . 
(1958) as described by Fuhs (1973). Fresh m a t e r i a l was soaked f o r 15 mln 
i n 10 % (w/v) Pb(N0g)2 i n 0.1 N HNOg The m a t e r i a l was then washed 
thoroughly w i t h M i l l i - Q water and t r e a t e d w i t h 10 % (NH^)2S f o r 30 s and 
then thoroughly washed w i t h d l s t l l e d water. Polphosphate granules 
appeared dark-brown t o black under the o p t i c a l microscope. 
The term I n t r a - t h y l a k o i d a l vacuole r e f e r s t o s t r u c t u r e s best confirmed 
w i t h the electron-microscope, but f o r which a p r o v i s i o n a l i d e n t i f i c a t i o n can 
also be made w i t h the l i g h t microscope, on account of t h e i r d i s t i n c t 
c o l o u r l e s s appearance. 
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3 FACTORS INFLUENCING THE APPARENT SOLUBILITY OF Fe IN MEDIUM 
3.1 General remarks 
Provasoli e t a l . (1957) pointed out t h a t although Fe. when added wi t h 
EDTA. i s present i n s o l u t i o n i n c u l t u r e medium, i t forms a p r e c i p i t a t e 
during a u t o c l a v i n g , e s p e c i a l l y i n marine medium. A pr e l i m i n a r y experiment 
i n the present study showed t h a t a brown p r e c i p i t a t e (presumably containing 
Fe) was found, e s p e c i a l l y i n s a l i n e medium. Studies were planned to 
i n v e s t i g a t e the f a c t o r s i n f l u e n c i n g the apparent s o l u b i l i t y of Fe i n sa l i n e 
and freshwater medium. The apparent s o l u b i l i t y of Fe was assessed by 
measuring % o f Fe which passed a GF/C f i l t e r , together w i t h c e n t r i f u g a t i o n 
f o r comparison. For experimental purposes, i t was assumed t h a t f u l l 
s o l u b i l i t y occurs when less than 2 * of Fe was ret a i n e d on the f i l t e r . 
3.2 Factors i n f l u e n c i n g apparent s o l u b i l i t y 
(1) I n f l u e n c e of pH 
The f i r s t experiment was c a r r i e d out t o t e s t the influence of pH on 
s o l u b i l i t y i n s a l i n e medium. B u f f e r i n g was c a r r i e d out as described i n 
2.35 and samples were prepared as i f f o r a normal experiment, w i t h f l a s k s 
being autoclaved (2.37). Samples were l e f t on the bench f o r 6 h and then 
e i t h e r f i l t e r e d through GF/C f i l t e r s or c e n t r l f u g e d (4000 r.p.m. f o r 10 
min). The f i l t r a t e s were then a c i d i f i e d (0.025-ml HNO.) before Fe was 
o 
measured as i n 2.61. 
A f t e r both f i l t r a t i o n and c e n t r l f u g a t i o n the s o l u b i l i t y of Fe decreased 
(Table 3.1) w i t h increase i n pH (pH before a u t o c l a v i n g ) . F u l l s o l u b i l i t y 
was obtained when the pH was adjusted t o 2.0 before sampling the medium. 
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Table 3.1 Influence of pH on apparent s o l u b i l i t y of 0.4 mg L~^ Fe Fe i n 
s a l i n e medium; I r o n and 2.0 mg L~^ EDTA were added t o medium p r i o r t o 





% of apparent Fe i n s o l u t i o n 







( 1 1 ) Influence of EDTA and time of exposure i n s a l i n e medium 
A p r e l i m i n a r y experiment showed t h a t the s o l u b i l i t y of Fe decreased w i t h 
time. I n a more d e t a i l e d experiment, t h e r e f o r e , the influence of EDTA and 
time exposure on s o l u b i l i t y of Fe was i n v e s t i g a t e d i n s a l i n e medium. 
Medium was autoclaved and l e f t t o stand f o r 6 h before Fe and EDTA 
ad d i t i o n s . Samples were then Incubated under standard experimental 
c o n d i t i o n s ( I . e . i n l i g h t ) over 3, 6 and 25 h. 
Table 3.2 Inf l u e n c e of EDTA and time of exposure on the apparent s o l u b i l i t y 
of 0.4 mg L~^ Fe i n s a l i n e medium. I r o n and the d i f f e r e n t EDTA 




Fe : EDTA 
molar r a t i o 
% of apparent Fe i n s o l u t i o n over time 
0 3 6 25 h 
2 .0 1 • 0.96 97.3 54.7 43 .8 26.5 
4 .0 1 1.92 98.1 92.0 81 .1 61.9 
6 0 1 2.88 99.3 94.2 87 6 97.3 8 0 1 3.84 - 96.4 92 0 97.3 
10 0 1 : 4.8 98.7 92.0 92 0 97.3 
20 0 1 : 9.6 99.1 94.2 92 0 97.2 
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The r e s u l t s (Table 3.2) show t h a t the minlmua EDTA required t o keep Fe i n 
s o l u t i o n i n s a l i n e medium i s 6.0 mg L~^. 
( i l l ) Influence of EOTA and time of exposure i n freshwater medium 
The i n f l u e n c e of EDTA and time of exposure on s o l u b i l i t y of Fe was also 
tested i n freshwater medium. The experiment was c a r r i e d out as i n ( i i ) 
w i t h the exception t h a t ho sampling was made a t t = 0. The minimum EDTA 
required t o keep Fe i n s o l u t i o n i n freshwater medium (Tables 3.3) i s 4.0 mg 
Table 3.3 Influence of EDTA and time exposure on the apparent s o l u b i l i t y of 
0.4 mg Fe i n freshwater medium. I r o n and the d i f f e r e n t EDTA 










Fe : EDTA 




























( i v ) Influence of l i g h t and dark incubation i n s a l i n e and freshwater media 
An experiment was c a r r i e d out t o t e s t the inf l u e n c e of l i g h t on 
s o l u b i l i t y of Fe i n s a l i n e and freshwater media. Saline medium was 
prepared as i n ( i i ) and freshwater medium as i n ( i l l ) , but w i t h only one 
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EDTA concentration (2.0 mg L ~ ^ ) . Samples were Incubated i n l i g h t or dark 
f o r 25 h before f i l t r a t i o n . 
Table 3.4 Influence of l i g h t and dark incubation (25 h) on apparent 
s o l u b i l i t y of 0.4 mg Fe i n two media. I r o n and 2.0 mg EDTA were 
added t o autoclaved medium a t the s t a r t of the experiment. 
Medium , % of apparent Ee i n s o l u t i o n 
l i g h t dark 
s a l i n e 26.5 70.7 
freshwater 65.2 97.2 
Saline medium and the presence both enhanced the reduction i n the apparent 
s o l u b i l i t y of Fe. 
(v) I nfluence of s a l t s ( i n dark) i n s a l i n e medium 
The Influence of each s a l t on s o l u b i l i t y of the Fe was tested. The 
s a l t s and/or s o l u t i o n s were prepared separately a t t h e i r normal 
concentrations, b u f f e r e d a t pH 7.8. autoclaved and l e f t t o stand f o r 6 h 
before Fe (0.4 mg L~-^) and EDTA (2.0 mg L~-^) were added. S o l u b i l i t y of Fe 
was followed over 25 h Incubation i n the dark (Table 3.5). 
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0 3 6 25 h 
98.9 99.4 100.1 98.9 
95.1 91.0 91.0 93.0 
87.3 83.6 87.3 87.3 
ip7.1 107.5 99.0 103.5 
95.7 103.5 99.0 107.1 
101.3 101.3 101.3 99.0 
103.5 99.0 99.0 103.5 
Table 3.5 In f l u e n c e of chemical components of s a l i n e medium on the apparent 
s o l u b i l i t y of 0.4 mg Fe. I r o n and 2.0 mg EDTA were added to 
autbclaved medium a t the s t a r t of the experiment. 
t e s t e d substance % of apparent Fe i n s o l u t i o n over time (h) 







Although MgSO^ had the g r e a t e s t e f f e c t , i t was s t i l l less than the 
Influence of a l l s a l t s i n combination (Table 3.5). These r e s u l t s i n d i c a t e 
t h a t a high EDTA concentration should be used t o maintain Fe i n s o l u t i o n 
d u r i n g accumulation s t u d i e s . 
(v) I n f luence of type of f i l t e r 
The next step was t o s e l e c t a f i l t e r f o r use i n accumulation studies. 
The f i l t e r s t e s t e d were: GF/C (1.2 um), M l l l i p o r e (0.45 ym) and Nuclepore 
(0.2 pm). The experiment was c a r r i e d out as i n (11) f o r s a l i n e medium and 
as i n ( i l l ) freshwater medium, w i t h the exception t h a t high EDTA was used 
6.0 mg f o r former and 4.0 mg f o r l a t t e r . The s o l u b i l i t y of Fe was 
followed over 25 h. There was no d i f f e r e n c e i n r e s u l t s , so GF/C used f o r 
the r e s t of study. 
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4 INFLUENCE OF Fe-LIMITATION ON MORPHOLOGY AND CYTOLOGY 
4.1 General remarks 
The morphology of Rivularlaceae i s o f t e n influenced markedly by 
cond i t i o n s of n u t r i e n t l i m i t a t i o n ( 1 . 3 ) . I t was e s s e n t i a l , t h e r e f o r e , to 
i d e n t i f y these changes i n order t o obt a i n c r i t e r i a f o r use i n f u r t h e r 
experiments. 
A se r i e s of experiments was planned using various m o d i f i c a t i o n s of a 
sa l i n e and a freshwater medium. Saline medium r e f e r s t o 30 * ASP„M(-N). 
b 
and freshwater medium refcirs t o Chu-IOD(-N), unless s t a t e d otherwise. 
Three versions of each were used f o r studies i n t h i s chapter: standard as 
i n 2.3 and - Fe and low P medium as i n 2.561. St r a i n s of Rivularlaceae 
were used, together w i t h Anabaena D697. Inocula were taken from 
exponential c u l t u r e s , whlchi include many f r e e hormogonia. A few general 
comments on the appearance of the c u l t u r e s may be h e l p f u l . 
C a l o t h r i x v i g u i e r l D253: dark green; more clumped i n s a l i n e than freshwater 
medium. 
C a l o t h r i x p a r l e t i n a D550: green-brown; f l o a t i n g and attached i n saline and 
freshwater medium. 
C a l o t h r i x sp. D603: black-brown; f l o a t i n g i n freshwater medium. 
D i c h o t h r i x sp. D696: green-yellow; attached and f l o a t i n g i n sa l i n e medium. 
C a l o t h r i x sp. D704: b r i g h t green; formed f i r m l y attached bushy colonies i n 
100 % ASP-M(-N) medium, o 
Anabaena ambigua D697: b r i g h t green; f u l l y f l o a t i n g during the lag and 
exponential phases, but tended t o form b a l l - and n e t - l i k e growths during the 
s t a t i o n a r y phase. 
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The microscopic appearance was recorded, and d e s c r i p t i o n s made using the 
stages of development proposed by Livingstone and Whitton (1983). The main 
s t r a i n s (D253. D550, D696. D704) w i l l be described f i r s t , w i t h d e t a i l s of 
Anabaena D697 at the end of 4.4. 
4•2 Morphological and c y t o l o g i c a l changes i n standard medium 
4.21 O p t i c a l microscopy 
The f i r s t experiment was c a r r i e d out i n standard medium; sa l i n e medium 
was used to grow c u l t u r e s of C a l o t h r i x D253, D i c h o t h r i x D696. C a l o t h r i x 704 
(100 % ASPgM(-N)). while freshwater medium was used to grow C a l o t h r i x D550 
and also C a l o t h r i x D253. The r e s u l t s f o r the various stages are given i n 
Tables 4.1-4.8, Al.1-1.2, Fig. 4.1-4.2. A l . 1 . 
Stage I 
There was no obvious change i n dimensions of the trichome of s t r a i n s . 
The hormogonia resembled each other i n dimensions (3 pm wide), w i t h the 
exception of C a l o t h r i x D704 (1 ym wide). C a l o t h r i x D550 had hormogonia 
w i t h gas vacuoles; these were l o s t w i t h i n 24 h of t h e i r release. 
A change i n g r a n u l a t i o n was obvious i n a l l s t r a i n s . Polyphosphate 
granules increased and cyanophycin decreased s l i g h t l y . Hormogonium 
production was a t a maximum, and the release of hormogonia was s i m i l a r In 
a l l cases. I t was f a c i l i t a t e d by development of s p e c i a l i z e d c e l l s 
( n e c r i d i a ) ; these degenerative s t r u c t u r e s were biconcave, pale and 
c o l o u r l e s s . A l l c u l t u r e s resembled each other i n t h a t the sheath was f i r m 
and there were no i n t r a - t h y l a k o i d a l vacuoles i " ^ vegetative c e l l s (see 4.3). 
no secondary heterocysts and no h a i r s on the trichomes; a f t e r 48 - 72 h 
growth, the hormogonia had tapered s l i g h t l y and developed a terminal 
heterocyst, a change which i s considered as the beginning of stage I I . 
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Stage I I 
As the len g t h of trichome increased, increase i n width was r e s t r i c t e d to 
the basal area. A l l s t r a i n s resembled each other i n t h a t there were no 
secondary or i n t e r c a l a r y heterocysts. 
Polyphosphate granules appeared t o decrease more r a p i d l y i n C a l o t h r i x 
D550 than the other s t r a i n s ; the loss was i n each case f i r s t apparent i n the 
a p i c a l region of trichome. There was an increase i n cyanophycln which was 
most pronounced i n C a l o t h r i x D253 and C a l o t h r i x D550. 
Production of hormogonia decreased g r a d u a l l y u n t i l they ceased to form. 
Vacuolation i n a p i c a l region of the trlchomes was recognized as the end of 
stage I I ; t h i s was the f i r s t i n d i c a t i o n of h a i r formation. 
Stage I I I 
The development of the h a i r was s i m i l a r i n each s t r a i n . I n c l u d i n g 
elongation and vac u o l a t i o n of a few a p i c a l vegetative c e l l s . The extent of 
h a i r development v a r i e d among s t r a i n s , as i l l u s t r a t e d by the h a i r 
dimensions, percentage of h a i r i n e s s and the percentage of trichome as h a i r . 
The Increase i n le n g t h of trichomes v a r i e d between s t r a i n s , w i t h Calothrix 
D704 the l e a s t . 
A l l s t r a i n s resembled each other i n t h a t the polyphosphate granules were 
absent and cyanophycin increased markedly i n both basal and a p i c a l areas of 
the trichomes. Secondary heterocysts were developed immediately above the 
( o r i g i n a l ) basal heterocyst. 
A deep brown sheath developed 
i n C a l o t h r i x D253. 
55 
Table 4.1 Dimensions (ym) of morphological c h a r l t e r s of C a l o t h r i x D253 i n 
standard s a l i n e medium. 
day vege t a t i v e p a r t of trichome h a i r sheath 
length basal a p i c a l length width 
0 86.5 7.5 5.5 - <1 
1 85.5 7.5 5.5 - <1 2 96.5 7.5 5.5 - <1 
3 110.5 7.5 5.5 - <1 
4 161.5 7.5 5.5 - <1 
6 180.5 7.5 5.5 - <1 
8 219.5 8.5 5.5 - <1 
10 250.5 8.5 5.5 - <2 
12 375.5 10.5 5.5 - <2 
14 475.5 10.5 5.5 - <2 
Table 4.2 Dimensions (vun) of morphological characters of C a l o t h r i x D253 in 
standard freshwater medium. 
day ve g e t a t i v e p a r t of trichome h a i r sheath 
length basal a p i c a l length width 
0 83.5 7.5 5.5 - - <1 
2 97.5 7.5 5.5 - - <1 
4 175.5 7.5 5.5 - - <1 
6 196.5 7.5 5.5 - - <1 
8 245.5 7.5 5.5 - - <1 
10 262.5 8.5 5.5 - - <1 
14 345.5 8.5 5.5 25.5 1.5 <2 
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Table 4.3 Dimensions (pm) of morphological charcters of C a l o t h r i x D550 i n 
standard freshwater medium. 
day vegetative p a r t of trichome h a i r sheath 
length basal a p i c a l length width 
0 62.5 7.5 4.5 - - <1 
1 100.5 7.5 4.5 - - <1 
2 125.5 7.5 4.5 - - <1 
3 126.5 7.5 5.5 - - <1 
4 212.5 7.5 5.5 - - <1 
6 237.5 7.5 3.5 100.5 1.5 <1 
8 125.5 7.5 3.5 321.5 1.5 <1 
10 100.5 10.5 3.5 470.5 1.5 <1 
14 75.5 10.5 3.5 675.5 2.5 <1 
Table 4.4 Dimensions (pm) of morphological characters of Dichothrix D696 i n 
standard s a l i n e medium. 
day ve g e t a t i v e p a r t of trichome h a i r sheath 
length basal a p i c a l length width 
0 75.5 7.5 5.5 - <1 
2 87.5 7.5 5.5 - <1 
4 145.5 8.5 5.5 - <1 
6 195.5 10.5 6.5 - <1 
8 280.5 12.5 6.5 25.5 2.5 <1 
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Fig. 4.1 Morphological changes of s t r a i n s d uring growth i n standard medium 
In batch c u l t u r e : C a l o t h r i x D253 and D i c h o t h r i x D696 i n sa l i n e 
medium. C a l g t h r i x D253 and Caipth^^^ D550 i n freshwater medium 
a) Hormogonium 
b) Young trichome w i t h heterocyst 
c ) Hormogonial release from mature trichome w i t h necridium 
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F i g . 4.2 O p t i c a l micrograph of s t r a i n s grown i n standard medium 
Vegetative c e l l (VC). hormogonia (Ho), necridium (N). heterocyst 
(Met). Cyanophycin (C), gas vacuoles (GV) and aklnete (AK) 
Scale bar = 10 pm 
1^ Q?1.9lhrix D253 i n s a l i n e medium 
2) C a l o t h r i x D253 i n freshwater medium 
3-4) C a l o t h r i x D550 i n freshwater medium 
5-6) Dichpthri^^ D696 i n s a l i n e medium 
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4.3 Morphological and c y t o l o g i c a l changes under F e - l l m l t a t i o n 
4.31 O p t i c a l microscopy 
I t i s not c l e a r which f a c t o r l i m i t s growth i n batch c u l t u r e using 
standard media ( 4 . 2 ) . F e - l l m i t a t l o n may have been implicated during the 
experiments reported i n 4.2. as the formation of secondary heterocysts and a 
deep brown sheath has been reported p r e v i o u s l y i n C a l o t h r i x D253 i n - Fe 
medium (1.32). Therefore a f u r t h e r experiment was c a r r i e d out t o i d e n t i f y 
morphological and c y t o l o g i c a l responses t o F e - l i m l t a t i o n i n order t o r e l a t e 
these t o p h y s i o l o g i c a l responses. The medium used here was d i f f e r e n t from 
t h a t I n 4.2: omission of Fe, reduction of EDTA and containing high (10 mg 
L~^) P concentration i n order t o avoid i n t e r a c t i o n beteen Fe- and P-
l i m i t a t i o n . The r e s u l t s f o r various stages are given i n Tables 4.9-4.15. 
Al.3-1.4. F i g . 4.3-4.5. A l . l . 
Stage I 
The c u l t u r e s were i n general s i m i l a r t o those i n standard medium, but a 
few d i f f e r e n c e s were noted. Production of hormogonia was less and 
cyanophycin granules decreased more r a p i d l y . I n t r a - t h y l a k o i d a l vacuolation 
appeared i n some hormogonia of C a l o t h r i x D253 and i n many vegetative c e l l s 
of the tapered trichome of C a l o t h r i x D550. The colour of vegetative c e l l s 
was pale I n a l l s t r a i n s . 
Stage I I 
The d i f f e r e n c e s from standard medium became more pronounced. A deep 
brown sheath developed I n C a l o t h r i x D253. Production of hormogonia was 
much less I n a l l s t r a i n s , e s p e c i a l l y C a l o t h r i x D550. Cyanophycin granules 
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decreased u n t i l they became absent, whereas polyphosphate granules decreased 
more slowly than I n standard medium. 
A l l s t r a i n s resembled each other i n developing secondary heterocysts. 
Formation of secondary heterocyst was accompanied by degeneration of the 
basal (collapsed) heterocyst, which appeared disconnected w i t h the secondary 
heterocyst. although i t was sometimes covered by the same sheath. 
A marked d i f f e r e n c e i n the colour of vegetative c e l l s and the amount of 
i n t r a - t h y l a k o i d a l v a c u o l a t i o n ( i n vegetative c e l l s ) from t h a t i n standard 
medium was also observed. For instance the colour was pale-green i n three 
s t r a i n s and even paler i n C a l o t h r l x D550. The l a t t e r had the most i n t r a -
t h y l a k o i d a l v a c u o l a t i o n ( i n vegetative c e l l s ) , which appeared evenly 
d i s t r i b u t e d along the trichomes and increased i n s i z e toward the a p i c a l 
zone. Vacuolation i n a p i c a l region of the trichomes was recognized as the 
end of stage I I : t h i s was the f i r s t I n d i c a t i o n of h a i r formation. 
Stage I I I 
Marked d i f f e r e n c e s were obvious i n the appearance of c u l t u r e s as w i t h 
standard medium. The h a i r was shorter and i t s frequency was less. Although 
h a i r length v a r i e d between s t r a i n s , the width was q u i t e s i m i l a r apart from 
D i c h o t h r i x D696, which was about twice t h a t of the others. The length of 
the t r a n s i t i o n region between vegetative c e l l s and mature h a i r s also varied 
between s t r a i n s , as C a l o t h r i x D550 had a d i s t i n c t i v e zone; other s t r a i n s had 
e i t h e r a short zone or an abrupt t r a n s i t i o n . 
I n comparison w i t h standard medium polyphosphate granules continued to be 
present, p a r t i c u l a r l y i n the basal c e l l s of the trichome. In contrast w i t h 
standard medium, frequency of secondary heterocysts increased sharply, 
though v a r i e d between s t r a i n s . Many trichomes had up t o four adjacent 
basal heterocysts. -
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Colour of vege t a t i v e c e l l s d i f f e r e d aarkedly f r o a t h a t i n 
standard medium ( 4 . 2 ) . 
Table 4.9 Dimensions (ya) of morphological characters of C a l o t h r i a D253 i n 
- Fe s a l i n e medium. 
day vege t a t i v e p a r t of t r i c h o e e h a i r 
length basal a p i c a l length 
sheath 
width 
0 85 .5 8.5 4. ,5 <1 
1 85, ,5 ... 8.5 4, 5 <1 
2 94, .5 . 8.5 4. 5 <1 
3 120, ,5 10.5 • 5. 5 <1 
4 185 .5 10.5 5 ,5 <1 
6 160. .5 10.5 5, 5 <1 
8 180, .5 10.5 5. ,5 <1 
10 180, .5 12.5 5. 5 3, ,5 
12 250, .5 15.5 5. 5 3 ,5 
14 260, 5 15.5 5. 5 3, ,5 
16 280, .5 16.5 5, ,5 3 ,5 
Table 4.10 Dimensions (m) of morphological characters of C a l o t h r i x D550 i n 
- Fe freshwater medium. 
day vege t a t i v e p a r t of t r i c h o a e h a i r 
length basal a p i c a l length width 
0 62.5 7.5 5.5 - - <1 
2 125.5 7.5 5.5 - - <1 
4 140.5 7.5 5.5 15.5 2.5 <1 
6 225.5 7.5 2.5 32.5 2.5 <1 
8 175.5 7.5 2.5 35.5 2.5 <1 
10 170.5 7.5 2.5 35.5 2.5 <1 
12 175.5 7.5 2.5 35.5 2.5 <i 
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Table 4.11 Dimensions (pm) of morphological characters of Di c h o t h r i x D696 
i n - Fe s a l i n e medium. 
day v e g e t a t i v e p a r t of t r i c h o n e h a i r sheath 
length basal a p i c a l length width 
0 82.5 12.5 6.5 - - <1 
2 87.5 12.5 6.5 - - <1 
4 110.5 12.5 6.5 - - <1 
6 120.5 12.5 6.5 - - <1 
8 165.5 12.5 6.5 25.5 - <1 
10 212.5 10.5 5.5 25.5 2.5 <1 
12 250.5 10.5 5.5 35.5 3.5 2.5 
14 274.5 10.5 5.5 50.5 3.5 2.5 
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Fig. 4,3 Morphological changes of s t r a i n s d u r i n g growth i n - Fe medium i n 
batch c u l t u r e : C a l o l h r i x D253 and D l c h o t h r i x D696 i n s a l i n e 
medium and C a l q t h r i x 0550 i n freshwater medium 
a) Hormogonium 
b) Young trichome w i t h heterocyst 
c) Hormogohial release from mature trichome w i t h necridium 
d) Mature trichome a f t e r ceasing hprmogonlal release 
e) Hormogonial release a f t e r a d d i t i o n of Fe t o F e - l l m i t e d 
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Fig. 4.4 O p t i c a l micrograph of s t r a i n s grown i n - Fe medium. Vegetative 
c e l l (VC). hormogonium (Ho), necridium (N). heterocyst (Het), 
h a i r ( H r ) . degenerated trichome (DT) , akinete (Ak) i n Ana.baena 
D697, collapsed heterocyst (C Het). secondary heterocyst (S Het), 
sheath (S). gas vacuoles (GV), i n t r a - t h y l a k o i d a l vacuolation 
( I V ) . cyanophycin (C), polyphosphate granules (Pp). Scale bar = 
10 um 
1-5) C a l o t h r i x D253 i n s a l i n e medium 
6-7) D i c h o t h r i x D696 i n sa l i n e medium 
8-12) Anabaena D697 i n s a l i n e medium 
13-16) Anabaena D697 a f t e r polyphosphate s t a i n i n g 
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Fig. 4.5 O p t i c a l micrograph of C a i o t h r i x D253 grown i n - Fe medium 
Hormogonium (Ho), necridium (N). brown sheath (S) i n t r a -
t h y l a k o i d a l vaeuolation ( I V ) . Collapsed heterocyst (Het). 
secondary heterocyst (S Het). Scale bar = 10 p i 
1-2) Calojy^rix D253 i n s a l i n e medium 




4.32 Recovery from F e - l l m i t a t i o n 
A d d i t i o n of Fe (0.4 mg L"^) t o F e - l l m l t e d c u l t u r e s (from 4.31) r e s u l t e d 
i n marked changes i n morphology and cytology (Tables 4.16-4.19, Al.5-1.6). 
Where h a i r s were formed as a r e s u l t of F e - l i m i t a t i o n . they were shed w i t h i n 
the f i r s t 24 h, apparently by l y s i s of the lowest h a i r c e l l s . A l l s t r a i n s 
resembled each other i n t h a t v egetative c e l l s returned t o t h e i r normal 
colour, although a few trichomes i n the centre of masses of filaments were 
slower than the r e s t . The i n t r a - t h y l a k o i d a l vacuoles were l o s t from 
vegetative c e l l s . A f t e r 24 h most basal (collapsed) heterocysts were l o s t . 
A l l s t r a i n s resiembled each other i n t h a t cyanophycin granules reappeared i n 
the a p i c a l area ( i . e . immediately below where h a i r f e l l o f f ) , w h i l s t 
polyphosphate granules remained unchanged. The next stage of hormogonium 
development was d i s t i n g u i s h e d i n C a l o t h r i x D550 by formation of gas-vacuoles 
a f t e r 24 h. 
A l l s t r a i n s resembled each other i n t h a t t h e i r normal colour had returned 
between 48 and 72 h. Hormogonia production was obvious i n a l l s t r a i n s . 
By t h i s time basal (collapsed) heterocysts had been l o s t , leaving the other 
heterocyst which was present before a d d i t i o n of Fe ( i . e . no new heterocyst). 
There was no obvious response of the F e - l i m i t e d c u l t u r e s t o a d d i t i o n of 
e i t h e r P or tr a c e elements. This was c l e a r evidence t h a t c u l t u r e s were Fe-
l i m i t e d . 
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Table 4.16 Dimensions (pm) of morphological characters of Calothrix D253 
after addition (day 12) of Fe to Fe-llmlted culture in saline medium. 
day vegetative part of trlchome hair sheath 
length basal apical length width 
0 (day 12) 219.5 12.5 5.5 3.5 
1 212.5 12.5 5.5 3.5 
2 219.5 10.5 5.5 <1 
3 250.5 10.5 5.5 <1 
Table 4.17 Dimensions (iim) of morphological characters of Calothrix 0550 
afte r addition (day 11) of Fe to Fe-limited culture in freshwater medium. 
day vegetative part of trichome hair sheath 
length basal apical length width 
0 (day 11) 175.5 7.5 3.5 35.5 2.5 <1 
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Fig. 4.6 Electron micrograph of Calgthrlx D550 grown In - Fe freshwater 
medium 
1) apical region of trlchome shows intra-thylakoldal 
vacuoles ( I V ) . carboxysomes (Ca). polyphosphate granules 
(Pp), sheath ( S ) , x 7000 
2-7) basal region of trlchome shows collapsed heterocyst 
{C Het). secondary heterbcyst (S Het). pore channel (PC), 
intra-thylakold vacuoles ( I V ) , polyphosphate granules 
(Pp) envelope ( E ) , sheath ( S ) , l i p i d bodies (Lb) 




Fig. 4.7 Electron micrograph of C a l o t h r i x D550 24 h a f t e r a d d i t i o n of Fe 
to F e - l i m i t e d c u l t u r e 
1-3) Vegetative c e l l s w i t h t h y l a k o i d (T). polyphosphate granules 




4.4 Morphological and cytologlcal chani^es mnder P - l i a i t a t l o n 
4.41 Optical microscopy 
Observation on P-limlted cultures was Bade to confirra that the previous 
findings (4.3) were not an a r t i f a c t of interactioin between Fe- and P-
llmlta t l o n . The r e s u l t s for the various stages ere given in Tables 4.20-
4.27. Al.7-1.8. Fig. 4.8-4.9. 
Stages I and I I 
The f i r s t ahd second stages are combined together since stage n i »as 
entered quickly and therefore there was no clear t i s e for stage 11. 
Marked differences were obvious i n the appearance of cultures froa that in 
standard and - Fe medium. For instance none of the strains developed a 
secondary heterocyst and/or sheath similar to that in 
standard and - Fe mediua. 
Another marked difference also concerned the granular content of 
the vegetative c e l l s during the i n i t i a l days of growth. For instance 
polyphosphate granules were lo s t quickly from a l l s t r a i n s , whilst 
cyanophycin increased s l i g h t l y , especially in the basal area of trichoaes. 
Strains resembled each other by retaining their normal colour in contrast 
to - Fe medium. Production of hormogonia decreased more rapidly than with 
- Fe medium, and apic a l vegetative c e l l s developed s u a l l vacuoles: this was 
regarded as the sign of hair formation and therefore the sta r t of stage I I I . 
Stage I I I 
Marked differences were obvious in the appearance of cultures from that 
in standard and - Fe medium. For instance hair length was more pronounced 
and hairiness was more frequent. Although percentage of trichoBe as hair 
varied among the s t r a i n s , the width of the hair was similar (2.5 pa) in a l l 
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s t r a i n s , with the exception of Dlchothrix D696 (4.0 ym). Another marked 
difference with Dichothrix D696 was that the hair c e l l s were shorter. The 
tra n s i t i o n region between the vegetative c e l l s and mature hairs varied with 
the s t r a i n , as Calothrix D550 had a d i s t i n c t i v e zone, while other strains 
had either a short zone or none. A l l s t r a i n s resembled each other in that 
the polyphosphate granules were absent, while cyanophycln granules increased 
markedly in both basal and apical areas of the trichomes. There were no 
secondary or inte r c a l a r y heterocysts in any s t r a i n . 
Table 4.20 Dimensions (um) of morphological characters of Calothrix D253 in 
low P sali n e medium. 
day vegetative part of trichome hair sheath 
length basal apical length width 
0 60.5 10.5 5.5 - - <1 
2 70.5 10.5 5.5 - - <1 4 75.5 10.5 5.5 - - <1 6 112.5 10.5 5.5 35.5 2.5 <1 
8 130.5 10.5 5.5 35.5 2.5 <1 
10 175.5 10.5 5.5 35.5 2.5 <1 
12 215.5 10.5 5.5 75.5 2.5 <1 
14 250.5 10.5 5.5 75.5 2.5 <1 
16 250.5 10.5 5.5 75.5 2.5 <1 
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Table 4.21 Dimensions (pm) of morphological characters of Calothrix D253 in 
low P freshwater medium. 
day vegetative part of trichome hair sheath 
length basal apical length width 
0 65.5 10.5 5.5 — — <1 
2 70.5 10.5 5.5 45.5 2.5 <1 
4 95.5 10.5 5.5 125.5 2.5 <1 
6 180.5 10.5 5.5 252.5 2.5 <1 
8 180.5 10.5 5.5 305.5 2.5 <1 
10 175.5 10.5 5.5 350.5 2.5 <1 
14 175.5 lb.5 5.5 475.5 2.5 <1 
Table 4.22 Dimensions (pm) of morphological characters of Calothrix D550 in 
low P freshwater medium. 
day vegetative part of trichome hair sheath 
length basal apical length width 
0 62.5 7.5 5.5 . — - <1 
2 125.5 7.5 5.5 25.5 2.5 <1 
4 110.5 8.5 5.5 225.5 2.5 <1 
6 100.5 10.5 5.5 505.5 2.5 <1 
8 100.5 10.5 5.5 910.5 2.5 <1 
10 80.5 10.5 5.5 950.5 2.5 <1 
14 75.5 10.5 5.5 1052.5 2.5 <1 
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Table 4.23 Dimensions (iim) of morphological characters of Dichothrlx D696 
in low P saline medium. 
day vegetative part of trichome hair sheath 
length basal apical length width 
0 75.5 10.5 6.5 . - - <1 
2 80.5 10.5 6.5 - - <1 
4 100.5 10.5 6.5 - - <1 
6 120.5 11.5 6.5 50.5 4.5 <1 
8 119.5 11.5 5.5 120.5 4.5 <1 
10 149.5 12.5 5.5 190.5 4.5 <1 
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Fig. 4.8 Morphological changes during growth in low P medium in batch 
c u l t u r e : Calothrix D253 and Dlchgthr^ix D696 in saline medium. 
Calothrix D253 and Calothrix D550 in freshwater medium 
a) Hormogonium 
b) Young trichome with heterocyst 
c) Hormogonial release from mature trichome with necridium 
d) Mature trichome after ceasing of hormogonial release 
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Fig. 4.9 O p t i c a l micrograph of s t r a i n s grovm i n low P medium 
Heterocyst (H e t ) . h a i r ( H r ) . akinete (Ak) and gas vacuoles (GV) 
i n Anabaena D697. Scale bar = 10 ym 
1^ C a l o t h r i x D253 i n s a l i n e medium 
2-4) C a l g t h r i x D253 i n freshwater 
5-6) D l c h p t h r i x D696 i n s a l i n e medium 
"7) C a l o t h r i x D550 i n freshwater 
8) Anabaena D697 i n s a l i n e medium 
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4.42 Recovery from P - l l m i t a t i o n 
A d d i t i o n of P (1 mg L~^) t o P - l i m i t e d c u l t u r e s r e s u l t e d i n marked changes 
i n morphology and cytology (Table 4.28-4.35, Al.9-1.10). Hairs formed as a 
r e s u l t of P - l i m i t a t i o n were shed w i t h i n the f i r s t 24 h. A l l s t r a i n s 
behaved s i m i l a r l y i n t h a t polyphosphate granules increased markedly, 
p a r t i c u l a r l y i n the basal area, while cyanophycin granules decreased 
s l i g h t l y . 
S t r a i n s resembled each other i n t h a t hormogonia were released between 48 
- 72 h. w i t h C a l o t h r i x D550 showing the quickest response. Consequently, 
as growth resumed, cyanophycin granules continued t o decrease u n t i l l o s t 
from a l l s t r a i n s . There was no obvious morphological response i n P-limited 
c u l t u r e s of any s t r a i n t o e i t h e r the a d d i t i o n of Fe or trace elements. 
Table 4.28 Dimensions (vun) of morphological characters of C a l o t h r i x D253 
a d d i t i o n (day 8) of P t o P - l i m i t e d c u l t u r e i n s a l i n e medium. 
day v e g e t a t i v e p a r t of trichome h a i r sheath 
length basal a p i c a l length width 
0 (day 8) 75.5 10.5 5.5 - - <1 
1 74.5 10.5 5.5 - - <1 
2 75.5 10.5 5.5 - - <1 
3 80.5 10.5 5.5 - - <1 




Table 4.29 Dimensions (pm) of morphological characters of C a l o t h r i x D253 
a f t e r a d d i t i o n (day 8) of P to P - l i m i t e d c u l t u r e i n f r e s h m t e r medium. 
day vege t a t i v e part of t r i c h o a e h a i r sheath 
length basal a p i c a l length width 
0 (day 8) 75.5 10.5 5.5 455.5 2.5 <1 
1 76.5 10.5 5.5 <1 
2 79.5 10.5 5.5 <1 
3 82.5 10.5 5.5 <1 
4 95.5 10.5 5.5 <1 
Table 4.30 Dimensions (urn) of morphological characters of C a l o t h r i x D550 
a f t e r a d d i t i o n (day 8) of P to P - l i m i t e d c u l t u r e i n freshcjater medium. 
day vege t a t i v e p a r t of trichome h a i r sheath 
length basal a p i c a l length e;}idth 
0 (day 8) 98.5 10.5 5.5 910.5 2.5 <1 
1 100.5 10.5 5.5 <1 
2 110.5 10.5 5.5 - - <1 
3 119.5 10.5 5.5 <1 
4 120.5 10.5 5.5 - - <1 
Table 4.31 Dimensions (ym) of morphological characters of Dichothrix D696 
a f t e r a d d i t i o n (day 8) of P to P - l i m i t p d c u l t u r e i n s a l i n e medium. 
day vege t a t i v e p a r t of t r i c h o a e h a i r sheath 
length basal a p i c a l length width 
0 (day 8) 119.5 11.5 5.5 121.5 4.5 <1 
1 119.5 11.5 5,5 <1 
2 121.5 11.5 5.5 <1 
3 129.5 11.5 5.5 <1 
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Morphological and c y t o l o g i c a l changes i n Anabaena D697 ( F i g . A2.1-2.10) 
Anabaena D697 was included f o r comparison w i t h the s t r a i n s of 
Rivularlaceae, d u r i n g growth I n standard, - Fe and low P media. In a l l 
media the f i r s t i n d i c a t i o n of akinete formation was considered as the s t a r t 
of stage I I I f o r Anabaena D697. Although there were many s i m i l a r i t i e s 
between the changes i n Anabaena D697 w i t h those i n Rivularlaceae I n a l l 
media, marked d i f f e r e n c e s were also present. For Instance the changes i n 
polyphosphate granules, I n t r a t h y l a k o i d a l vacuolation and colour were s i m i l a r 
to those of a l l Rivularlaceae. Cyanophycln granules increased i n - Fe 
medium ( i . e . opposite t o R l v u l a r i a c e a e ) . Comparison between the responses 
of Anabaena D697 i n three media revealed t h a t a k l n e t ^ formed (In one or 
e i t h e r side of heterocyst. However the o v e r a l l frequency of akinetes was 
higher under P- than F e - l i m l t a t i o n . Heterocyst frequency ( w i t h no account 
f o r the f a l l e n heterocysts) showed a marked increase (12.5 *) i n - Fe 
medium, but not w i t h low P medium ( I . e . akinetes and heterocysts show an 
opposite response to n u t r i e n t l i m i t a t i o n ) . The a d d i t i o n of Fe and P to 
t h e i r r e spective element-limited c u l t u r e s l e d t o recovery of growth, but 
w i t h a marked d i f f e r e n c e i n t h a t a few heterocysts (1 *) became blue i n 
response to Fe a d d i t i o n . 
Blue heterocyst formation i n response to a d d i t i o n of Fe 
In Anabaena D697 examples of heterocysts t u r n i n g blue ( F i g . A2.3-2.4) 
s t a r t e d t o appear 24 h a f t e r Fe a d d i t i o n and reached 1 % w i t h i n the f i r s t 72 
h. a f t e r which they were d i l u t e d as growth resumed. No change I n the 
colour occurred when a s i m i l a r experiment was c a r r i e d out on Anabaena D697. 
C a l o t h r i x D253, C a l o t h r l x D550, C a l o t h r l x D603 (known t o form blue 
heterocyst under other circumstances), D i c h o t h r l x D696 and C a l o t h r i x D704. 
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U l t r a s t r u c t u r e of Anabaena D697 ( F i g . A2.2-2.3) 
U l t r a s t r u c t u r e of heterocyst of D697 was examined before and a f t e r Fe 
a d d i t i o n . The a d d i t i o n of Fe l e d t o a r a p i d change i n the t h y l a k o i d 
membranes, p a r t i c u l a r l y i n the heterocyst, where they became re-arranged i n 
a uniform compact manner, and the i n t r a - t h y l a k o i d a l vacuolation was l o s t . 
Neither carboxysomes nor phycobilisomes were found i n any heterocyst. 
4.5 Inf l u e n c e of NaCl on h a i r formation by.Calothrix D253 
C a l o t h r i x D253 does not form h a i r s under F e - l l a i t a t i o n i n saline medium, 
but forms long h a i r s i n freshwater medium ( 4 . 3 ) . Furthermore, under P-
l i m i t a t i o n the same s t r a i n forms only a few (0,5 %) short h a i r s i n sa l i n e 
medium, w h i l s t i n freshwater aediua h a i r i n e s s reaches 90 % and most of these 
are long h a i r s ( 4 , 4 ) . A d e t a i l e d study was Bade th e r e f o r e on h a i r 
formation i n s a l i n e and freshwater media under Fe- and P - l l m i t a t i o n to 
determine the degree of h a i r i n e s s a t a range of NaCl concentrations. 
I n v e s t i g a t i o n s were mainly r e s t r i c t e d t o P - l l m l t a t i o n (Tables 4.36-4.39). 
C a l o t h r i x D253 was subcultured i n - Fe and low P media, i n c l u d i n g AD 
medium as a comparison w i t h previous studies ( S i n c l a i r 6 Whitton. 1977). 
Under F e - l l m i t a t i o n there was no h a i r formation a t 2.85 g Na, w h i l s t 10 
% h a i r i n e s s was found a t 0.045 g Na. I n contr a s t w i t h P - l i m i t a t i o n . 
less than 0.5 % h a i r i n e s s was found a t 2.85 g Na. w h i l s t 90 % hairiness 
was observed a t 0.045 g Na, There was an inverse r e l a t i o n s h i p between 
NaCl con c e n t r a t i o n and h a i r i n e s s and h a i r length i n s a l i n e and freshwater 
medium. A d d i t i o n of Fe and P t o the respective elesaent-limlted c u l t u r e s 
led t o recovery from l i m i t a t i o n , w i t h release of horiaogonia (see 4.32. 
4.42). Hair formed i n response t o the respective e l e m e n t - l i m i t a t i o n , but 
only a t low NaCl concentrations. 
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Influence of sea^ater on h a i r formation by C a l o t h r i x D253 
This experiment was c a r r i e d out under P - l i Q i t a t i o n . The alga was 
subcultured i n t o 30 % seawater (enriched w i t h Fe and trace elements). 
Seawater had a s i m i l a r e f f e c t t o NaCl w i t h forQation of less than 0.5 % 
h a i r i n e s s and short h a i r s . 
I n f l u e n c e of u p s h i f t and downshift of NaCl on h a i r f o r a a t l o n by P - l i i a l t e d 
C a l o t h r i x D253 
The Inf l u e n c e of up- and downshift of WaCl concentration on h a i r 
f ormation was t e s t e d I n f i l t r a t e s of o l d aedia on two growth stages (days 4. 
14). A l g a l m a t e r i a l which had r e c e n t l y forced h a i r s was chosen from the 
freshwater medium and t r a n s f e r r e d t o s a l i n e nediUB. Non-hairy a a t e r i a l 
from s a l i n e medium was t r a n s f e r r e d t o freshwater aedlua. 
I n the case of the downshift, 90 % h a i r i n e s s was found a f t e r 24 h, 
whereas w i t h the u p s h i f t the only obvious change raas t h a t a few h a i r s were 
shed and f l o a t e d i n the medium. A f t e r f o u r days, there was no change w i t h 
downshift, whereas i n the u p s h i f t f u r t h e r changes had occurred, i n c l u d i n g 
loss of h a i r s . This provides f u r t h e r evidence of the influence of NaCl on 
h a i r formation under P - l i m l t a t i o n . 
I n the 14-day experiment 60 % h a i r i n e s s was found a f t e r downshift f o r 24 
h. whereas a f t e r the u p s h i f t the only obvious change was t h a t a few ha i r s 
were shed and f l o a t e d i n the medium. A f t e r f o u r days, there was no change 
i n the downshift, whereas a f t e r the u p s h i f t f u r t h e r changes had occurred, 
i n c l u d i n g shedding of a l l the h a i r s . Mo obvious change occurred when non-
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Is the Influence of NaCl due t o Na"^  or C l ~ ? 
I n order t o t e s t t h i s p o s s i b i l i t y , normal CI concentration was maintained 
by r e p l a c i n g Na w i t h K i n s a l i n e medium. The r e s i d u a l Na associated with 
other chemicals added as stock s o l u t i o n was 0.045 g L~^. Only a few h a i r s 
s t a r t e d t o form, but the alga became unhealthy iand died, i n d i c a t i n g the 
t o x i c i t y of K. 
Does an increase i n modify the e f f e c t of NaCl ? 
I t became c l e a r t h a t NaCl has a negative influence on h a i r formation 
t>y C a l o t h r i x D253. but i t i s not c l e a r yet whether i t i s due to an osmotic 
e f f e c t , t o x i c i t y of Na. or other f a c t o r s (example; i n t e r a c t i o n of Na with 
Fe- and P - l i m i t a t i o n ) . Three experiments were c a r r i e d out: 
(a) The inf l u e n c e of an increase (by a l t e r i n g Na concentration) and decrease 
(by a l t e r i n g K concentration) i n Na : K molar r a t i o on h a i r formation was 
tes t e d i n low P s a l i n e and freshwater media. 
The r e s u l t s revealed a strong negative c o r r e l a t i o n between increase i n Na 
concentration (Na : K r a t i o ) and h a i r i n e s s and h a i r length i n saline ( r = -
0.91 and - 0.97) and freshwater media ( r = - 0.91 and - 0.97). In contrast 
there was no c o r r e l a t i o n between h a i r i n e s s and h a i r length and increase i n K 
concentration (decrease i n Na : K), but the alga became unhealthy and died 
a t more than 0.339 g K, i n d i c a t i n g t h a t possibly Na i s the key f a c t o r 
involved i n suppressing h a i r formation. There was ne i t h e r an obvious 
increase i n c e l l s i z e nor plasmolysis. 
(b) An experiment was c a r r i e d out i n low P s a l i n e medium w i t h equimolar Na 
(2.85 g L~^) and K concentrations. There was no h a i r formation, but the 
alga s t a r t e d t o became unhealthy and died, i n d i c a t i n g t h a t K was t o x i c and 
d i d not antagonize Na. This suggests t h a t the negative influence of Na on 
h a i r formation i s not due t o t o x i c i t y . 
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(c) Another experiment was c a r r i e d out on a l k a l i n e phosphatase a c t i v i t y by 
non h a i r y (grown i n s a l i n e medium) and h a i r y (grown i n freshwater medium) P-
l i m i t e d c u l t u r e s . No detectable a c t i v i t y by the non h a i r y , but a c t i v i t y 
induced when assayed i n freshwater medium. I n contrast w i t h h a i r y , 
a c t i v i t y was high, but reduced (30 %) when assayed i n s a l i n e medium. 
Influence of u p s h i f t and downshift of NaCl on h a i r formation by Fe-limited 
C a l o t h r i x D253 
Downshift of o l d c u l t u r e of - Fe version of s a l i n e medium t o s i m i l a r 
v e r s i o n of freshwater medium led t o synchronized development of hairs i n few 
(5 - 10 %) of trichomes. A r e c i p r o c a l u p s h i f t from freshwater t o saline 
meidum led t o loss of h a i r s . 
4.6 Summary 
Comparison of growth under Fe- and P - l i m i t a t l o n has shown th a t i n general 
a l l Rivulariaceae responded s i m i l a r l y t o a p a r t i c u l a r l i a i t a t i o n (Tables 
4.40-4.43). 
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Table 4.40 Comparison of morphological and c y t o l o g i c a l response to a d d i t i o n 
of Fe or P t o respective l i m i t e d c u l t u r e s of C a l o t h r i x D253 i n saline 
medium. Character present ( + ) . absent ( - ) . 
character F e - l l m i t a t i o n 
Pe a d d i t i o n 
before a f t e r 
h a i r i n e s s 
length of h a i r 











P - l i m i t a t i o n 
P a d d i t i o n 





Table 4.41 Comparison of the morphological and c y t o l o g i c a l responses before 
and a f t e r a d d i t i o n s of Fe or P to respective l i m i t e d c u l t u r e of Calot h r i x 
D253 i n freshwater medium. Character present ( + ) . absent ( - ) . 
character 
h a i r i n e s s 
length of h a i r 




t h i c k sheath 
hormogonia production 
colour 
F e - l l m i t a t i o n 










P - l i m i t a t i o n 






Table 4.42 Comparison of the morphological and c y t o l o g i c a l changes i n 
responses before and a f t e r a d d i t i o n s of Fe and P to respective l i m i t e d 
c u l t u r e of C a l o t h r i x D550 i n freshwater medium. Character present (+) 
absent ( - ) . 
character 
h a i r i n e s s 
length of h a i r 




t h i c k sheath 
hormogonia production 
colour 
F e - l i m i t a t i o n 
Fe a d d i t i o n 








colou r l e s s normal 
P - l i m i t a t i o n 
P a d d i t i o n 





Table 4.43 Comparison of the morphological changes i n responses before and 
a f t e r a d d i t i o n s of Fe and P t o respective l i m i t e d c u l t u r e of Dichothrlx D696 
i n s a l i n e medium. Character present ( + ) . absent ( - ) . 
character 
h a i r i n e s s 
length of h a i r 




t h i c k sheath 
hormogonia production 
colour 
F e - l i m i t a t i o n 
Fe a d d i t i o n 









y e l l o w i s h normal 
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5 CHANGES IN Fe CONCENTRATION DURING GROWTH IN BATCH CULTURE 
5.1 Changes du r i n g growth i n s a l i n e medium 
( i ) Use of normal Fe : EDTA r a t i o 
Once morphological and c y t o l o g i c a l changes I n response t o F e - l i m i t a t i o n 
had been i d e n t i f i e d ( 4 . 2 ) , the next step was t o In v e s t i g a t e the range of Fe 
contents. This would enable p h y s i o l o g i c a l , morphological and c y t o l o g l c a l 
resposes t o be r e l a t e d t o p a r t i c u l a r stages of F e - l i m l t a t i o n . 
As i t was not c l e a r whether growth i n standard medium was l i m i t e d by Fe 
or P (4 . 1 ) , two concentrations of P, high (10 mg L~^) and low (0.05 mg L~^). 
were t e s t e d ( i n s a l i n e medium). The normal concentration of Fe (0.4 rag 
L~^) was used. I t seemed probable t h a t w i t h the high P concentration 
growth would u l t i m a t e l y t o become F e - l i m i t e d : t h i s was subsequently 
confirmed (see below). The inoculum was prepared as i n 2.561 and 
experiment was conducted under standard conditions (2.44). C a l o t h r i x D253, 
D i c h o t h r i x D696 and Anabaena D697 were t e s t e d . The experiments were 
concluded before y i e l d s had reached a plateau ( F i g . 5.1). 
The Fe associated w i t h the alga had reached a maximum value by 24 h i n 
high and low P medium ( F i g . 5.1). The values decreased subsequently, 
approaching a constant l e v e l a f t e r about three weeks of growth: 
s t r a i n Fe associated w i t h alga (* dry weight) a t various growth stages 
high P low P * Fe removed 
inoculum max. min. inoculum max. min. 
D253 0.14 1.62 0.13 0.34 1.94 0.17 90 - 95 
D696 0.16 1.72 0.14 0.38 2.05 0.20 90 - 95 
D697 0.09 1.65 0.06 0.26 1,99 0.10 90 - 95 
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Figfure 5.1 Changes i n Fe concentration during growth of three s t r a i n s i n 
high ( l e f t column) and low ( r i g h t column) P s a l i n e medium at 
normal r a t i o of Fe : EDTA. Arrows (a-e) i n d i c a t e time at 
which the key morphological changes were f i r s t observed: 
a) a p i c a l v a c u o l a t i o n 
b) h a i r 
c) hormogonia production ceases 
d) secondary heterocyst 
e) akinete 
( • ) y i e l d (tng L'^) 
( # ) a l g a l Fe composition (Sj dry weight) 
( O ) t o t a l Fe i n algae (mg L ^) 
( A ) Fe concentration i n medium (mg L ^) 
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V i r t u a l l y a l l the Fe o r i g i n a l l y present i n the medium was associated with 
the alga by 24 h ( F i g . 5.1); t o t a l p ' e thus showed no change throughout the 
remaining period of growth. I n p r a c t i c e analysis of the medium showed 
values of about 0.02 mg L'^ Fe (5 % t o t a l Fe) throughout the remaining 
period of growth ( F i g . 5.1). 
Morphological changes ( F i g . 5.1) were recorded when character f i r s t 
appeared, which took place before any degenerative events were apparent. 
I " C a l o t h r i x D253 h a i r s d i d not appear during growth i n high P medium but a 
few (< 0.5 % ) short (35 - 75 pm) h a i r s formed a t low P (see also Chapter 
4 ) . In D i c h o t h r i x D696 h a i r s s t a r t e d t o form a t day 6 and increased i n 
number almost l i n e a r l y a t low P medium. I n Anabaena D697 aklnetes began to 
form from day 8 and 4 and increased i n number l i n e a r l y i n high and low P 
medium r e s p e c t i v e l y throughout the growth period. Some l y s i s was noticed 
i n Anabaena D697 by the f o u r t h week, but not i n C a l o t h r i x D253 or Dichothrix 
D696 under e i t h e r c o n d i t i o n . Secondary heterocysts were formed i n 
C a l o t h r i x D253 and D i c h o t h r i x D696 by the t h i r d week of growth i n high P. 
but not i n low P medium. A brown sheath was also formed i n C a l o t h r i x 0253, 
but not i n other s t r a i n s . 
Two f u r t h e r treatments were c a r r i e d out: 
(a) Part of each c u l t u r e was inoculated i n t o f r e s h medium (complete. - Fe, -
P. - trace elements); 
(b) A d d i t i o n of elements (Fe, P. trace elements) t o the r e s t of c u l t u r e . 
Possible changes were monitored f o r 6 days. Rapid response i n morphology 
and growth a f t e r being t r a n s f e r r e d t o normal medium was taken as evidence 
t h a t the c u l t u r e had been l i m i t e d by the element i n question. Moreover, 
where recovery r e s u l t e d from the a d d i t i o n of one element, t h i s confirmed 
t h a t the c u l t u r e had u l t i m a t e l y been l i m i t e d by t h a t element. The r e s u l t s 
showed t h a t the presumed F e - l i m i t e d c u l t u r e s 
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recovered and resumed normal growth a f t e r being t r a n s f e r e d to complete. - P 
and - trace elements media, but f a i l e d t o recover or grow a f t e r being 
t r a n s f e r r e d t o - Fe medium. Thus, according t o the standard c r i t e r i a f o r 
l i m i t a t i o n (2.562). i t was concluded t h a t groEJth i n the high P medium had 
led e v e n t u a l l y t o F e - l i m i t a t i o n . 
Old, but r e l a t i v e l y healthy c u l t u r e s of a l l three s t r a i n s grown i n high P 
medium responded r a p i d l y t o the a d d i t i o n of Fe, whereas nei t h e r P nor trace 
elements caused any obvious response. Cultures from the low P medium 
resumed normal growth a f t e r being t r a n s f e r r e d t o nortaal, - Fe and - trace 
elements media, but n e i t h e r recovery d i d not occur a f t e r t r a n s f e r to - P 
medium. I n other words, growth i n low P laedlum had led eventually to P-
l i m i t a t i o n . This was re-confirmed by r e s u l t s showing t h a t c u l t u r e s of 
three s t r a i n s , grown i n low P medium , responded r a p i d l y and recovered i n 
the a d d i t i o n of P. w h i l s t n e i t h e r the a d d i t i o n of Fe nor trace elements had 
any e f f e c t . 
( i i ) Use of low Fe : EDTA r a t i o 
The changes i n Fe content are s i m i l a r under both Fe- and P - l i m i t a t i o n . 
I n d i c a t e d t h a t increase i n Fe p r e c i p i t a t i o n may enhance Fe content i n P-
l i m i t e d c u l t u r e s ( i ) . As the apparent s o l u b i l i t y of Fe i n c u l t u r e medium 
decraesed w i t h time ( 3 . 1 ) , lower r a t i o s of Fe : EDTA are necessary to keep 
the Fe i n s o l u t i o n . Therefore, changes i n Fe concentration a t a lower 
r a t i o of Fe : EDTA were also measured as a comparison w i t h ( i ) . In 
a d d i t i o n t o s t r a i n s used i n ( 1 ) , a freshwater s t r a i n , C a l o t h r i x D550 was 
Included. The experiment was conducted as described i n (1) with, the except 
t h a t Fe : EDTA was used at a r a t i o of 1 : 2 . 8 8 (3.1). 
Growth of C a l o t h r i x D253 and C a l o t h r i x D550 was s i m i l a r (Fig. 5.2) and 
had not reached a s t a b l e plateau although they laay have not reached the 
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maximum possible y i e l d i n n e i t h e r high nor low P medium; whereas the growth 
curve of D i c h o t h r i x D696 and Anabaena D697 had reached plateau at the end of 
the period. Under both l i m i t a t i o n the y i e l d was higher than t h a t at normal 
Fe : EDTA r a t i o ( i ) . 
The Fe content of the algae r a p i d l y increased ( F i g . 5.2) and reached i t s 
maximum a t 24 h of growth i n high P medium. The maximum then decreased 
throughout the period and a t t a i n e d a constant l e v e l a f t e r about three weeks 
of growth: 
s t r a i n 
C a l o t h r i x D253 
C a l o t h r i x D550 
D i c h o t h r i x D696 
Anabaena D697 
Fe content (* dry weight) a t various growth stages 
inoculum max. min. 
0.18 1.43 0.084 75 
0.085 1.12 0.070 65 
0.085 1.11 0.094 63 
0.10 1.20 0.068 63 
Conversely, i n low P medium there was no r a p i d increase ( F i g . 5.2) i n the 
content of Fe which remained almost constant f o r the f i r s t few days and then 
s t a r t e d t o decrease towards the end of the period ranging from: 
s t r a i n 
C a l o t h r i x D253 
C a l o t h r i x D550 
D i c h o t h r i x D696 
Anabaena D697 
Fe content (* dry weight) a t various growth stages 

















In c o n t r a s t w i t h ( 1 ) , i t appears t h a t the peak of Fe at low Fe : EDTA 
r a t i o i n high P medium i s lower ( 1 3 - 4 7 *) than t h a t a t normal r a t i o . 
Whereas i n low P medium, there i s no peak of Fe a t low Fe : EDTA r a t i o 
s i m i l a r t o t h a t a t normal r a t i o . 
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Figure 5.2 Changes i n Fe concentration during growth of four s t r a i n s i n 
high ( l e f t column) and low ( r i g h t column) P s a l i n e medium at 
low r a t i o of Fe : EDTA. Arrows (a-e) i n d i c a t e time at 
which the key morphological changes were f i r s t observed: 
a) a p i c a l v a c u o l a t i o n 
b) h a i r 
c) hormogonia production ceases 
d) secondary heterocyst 
e) akinete 
( • ) y i e l d (mg L'^) 
( # ) a l g a l Fe composition {% dry weight) 
( O ) t o t a l Fe i n algae {mg L~-^ ) 
( A ) Fe concentration i n medium ^-'^) 
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In C a l o t h r i x D550 and Anabaena D697 i n high P medium the concentration 
of Fe i n the medium decreased markedly ( F i g . 5.2) a t 24 h and continued to 
decrease u n t i l about the t h i r d week, when i t s t a r t e d t o f l u c t u a t e ; there was 
no s i m i l a r f l u c t u a t i o n i n the Fe concentration w i t h C a l o t h r i x D253 and 
D i c h o t h r i x DG96. Conversely, i n low P medium, the concentration of Fe w i t h 
a l l f o u r s t r a i n s decreased g r a d u a l l y u n t i l the t h i r d week when, i n the case 
of C a l o t h r i x D550 and Anabaena D697, i t s t a r t e d t o f l u c t u a t e ( F i g . 5.2). 
Following the increase i n Fe content i n high P medium the t o t a l Fe i n algae 
Increased t o form a plateau although, towards the end of the period, i t 
began t o de c l i n e again ( F i g . 5.2). In high P medium the percentage of the 
Fe removed by algae increased sharply at the beginning and declined l a t e r , 
whereas i n low P medium, i t increased g r a d u a l l y and then f l u c t u a t e d up and 
down towards the end of growth. The Fe I n the medium under both conditions 
remained f u l l y s o l uble ( F i g . 5.2) f o r the f i r s t week and t h e r e a f t e r about 80 
% solu b l e . 
The onset of morphological features i s i n d i c a t e d i n Fig. 5.2. The 
r e s u l t s w i t h low P medium were s i m i l a r t o those w i t h s a l i n e medium i n 4.4. 
i n s p i t e of the d i f f e r e n t Fe : EDTA r a t i o . The use of high P medium led to 
s i m i l a r i t i e s w i t h - Fe medium (4.3) i n t h a t secondary heterocysts were 
formed i n Rivulariaceae, but no h a i r s were formed and i n C a l o t h r i x D253. the 
sheaths were t h i c k e r . Lysis was obvious by day 12 i n C a l o t h r i x D550 and 
Anabaena D697, being more severe i n high P medium. 
Additions were c a r r i e d out as i n ( i ) . Cultures of C a l o t h r i x D253 and 
D i c h o t h r i x D696 grown i n high P medium resumed normal growth a f t e r supplying 
(by t r a n s f e r of inoculum or a d d i t i o n of missing component) the normal, - P 
and - t r a c e elements media, but not a f t e r being t r a n s f e r r e d t o - Fe medium. 
I " C a l o t h r i x D550 and Anabaena D697 renewed growth took place only i n normal 
medium, but only s l i g h t growth i n - Fe, - P and - trace elements media. 
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Thus, according t o the c r i t e r i a f o r determining l i m i t a t i o n (2.562), growth 
of C a l o t h r i x D253 and D i c h o t h r i x D696 i n high P medium led eventually to Fe-
l i m l t a t l o n , but the r e s u l t s were not c l e a r - c u t f o r C a l o t h r i x D550 and 
Anabaena D697. 
In low P medium a l l f o u r s t r a i n s recovered normal growth s i m i l a r to th a t 
i n ( i ) . These r e s u l t s t h e r e f o r e f u l f i l the c r i t e r i a f o r l i m i t a t i o n (2.562) 
and demonstrate t h a t growth of the fo u r s t r a i n s i n low P medium had led 
eve n t u a l l y t o P - l i m i t a t i o n . 
5.2 Changes du r i n g growth I n freshwater medium 
The brackish alga C a l o t h r i x D253 showed a markedly d i f f e r e n t morphology 
i n freshwater, compared w i t h s a l i n e medium (4.2, 4.3, 4.5). Therefore 
studies were extended t o i n v e s t i g a t e i t s p h y s i o l o g i c a l behaviour, w i t h 
respect to Fe, i n freshwater medium during growth i n batch c u l t u r e . 
C a l o t h r i x D550 was also used as an example of a freshwater alga. The 
experiment was conducted as described i n ( 1 ) , w i t h the exception t h a t low (1 
: 1.92) Fe : EDTA r a t i o was used ( 3 , 1 ) . Fe remained f u l l y soluble i n the 
c o n t r o l (uninoculated medium) f o r the f i r s t week and continued to be greater 
than 90 * f o r the remainder of the period ( F i g . 5.3). Other r e s u l t s are 
shown i n Fig . 5.3 and summarized below: 
High P medium 
s t r a i n Fe content (* dry weight) a t various growth stages 
inoculum max. min. % of Fe removed 
C a l o t h r i x D253 0.16 1.3 0.08 63 
C a l o t h r i x D550 0.082 1,8 0.06 70 
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Figure 5.3 Changes i n Fe concentration during growth of two s t r a i n s i n 
high ( l e f t column) and low ( r i g h t column) P freshwater medium 
at low r a t i o of Fe : EDTA. Arrows (a-e) i n d i c a t e time at 
which the key morphological changes were observed: 
a) a p i c a l v a c u o l a t i o n 
b) h a i r 
c) hormogonia production ceases 
d) secondary heterocyst 
e) akinete 
< • > y i e l d (mg L-1) 
( 0 ) a l g a l Fe composition {% dry weight) 
( O ) t o t a l Fe i n algae (mg L"-^ ) 
( A ) Fe concentration i n medium ^-1) 
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Low P medium 
s t r a i n Fe content (* dry weight) at various growth stages 
Inoculum max. mln. * of Fe removed 
C a l o t h r l x D253 0.24 0.32 0.10 13 
C a l o t h r l x D550 0.13 0.25 0.12 27 
These r e s u l t s may be compared w i t h those I n 5.1. The reasons f o r the 
f l u c t u a t i o n s I n t o t a l Fe Incorporated a t various stages during c u l t u r e (Fig. 
5.3) may be due t o l y s i s , a t l e a s t I n older c u l t u r e s (see Chapter 9 ) . 
Morphological changes were s i m i l a r t o those described i n 5.2, w i t h the 
exception t h a t h a i r s were formed i n C a l o t h r i x D253 I n low P medium. 
Additions were again c a r r i e d out as i n 5.1 and the r e s u l t s were s i m i l a r to 
those described i n 5.2. 
5.3 Minimum Fe content i n algae during growth w i t h no added Fe 
Although the minimum Fe content had been determined i n batch c u l t u r e 
leading t o marked F e - l i m i t a t i o n , the minimum content was also measured a f t e r 
an Inoculum had been t r a n s f e r r e d t o - Fe medium. 
Inocula from exponential c u l t u r e s were put i n f r e s h high P (10 mg L~^) 
medium I n c l u d i n g EDTA but not Fe, and then incubated as i n 2.44. A f t e r 
about 10 - 12 days, when the c u l t u r e s s t i l l look r e l a t i v e l y healthy, samples 
were analyzed f o r Fe: 
s t r a i n Fe (% dry weight) 
C a l o t h r i x D253 0.16 
C a l o t h r i x D550 0.052 
C a l o t h r l x D704 0.057 
D l c h o t h r i x D696 0.12 
Anabaena D697 0.02 
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6 ACCUMULATION OF Fe DURING FIRST 24 h AFTER SUBCULTURE 
6.1 Influence of Fe and Fe : EDTA on Fe accumulation I n sal i n e medium 
Study i n batch c u l t u r e , w i t h a sampling programme a t day i n t e r v a l s 
(Chapter 5) showed t h a t the maximum value of Fe associated w i t h algae was 
reached by day 1. More d e t a i l e d studies of the f i r s t 24-h period were 
planned. the i n f l u e n c e of Fe and EDTA on removal of Fe from the medium by 
Fe- and P - l i m i t e d c u l t u r e s was tested w i t h f o u r experiments i n s a l i n e 
medium. I r o n and P - l i m i t e d inocula were prepared as i n 2.561; the former 
was grown i n medium modified from t h a t used i n Chapter 5 by the omission of 
Fe and reduc t i o n of EDTA (2.561). Low-P (0.05 mg L~^) medium was used f o r 
P- l i m i t e d m a t e r i a l . The inoculum was homogenized, washed and suspended i n 
medium minus FeEDTA. The alga was allowed t o e q u i l i b r a t e f o r 30 min before 
Fe a d d i t i o n . The apparent s o l u b i l i t y of Fe dur i n g the experiment was 
determined i n a c o n t r o l (- alga) f l a s k . 
( i ) Use of normal Fe : EDTA 
Pre l i m i n a r y studies i n d i c a t e d t h a t accumulation of Fe from a 0.4 mg L"^ 
medium was not detectable (using AAS) before 3 h, but an asymptotic value 
was reached by 10 min a f t e r i n c r e a s i n g the Fe t o 4.0 mg L~^. Therefore, a 
comparative study of Fe accumulation by Fe- and P- l i m i t e d c u l t u r e s of 
C a l o t h r i x D253, D i c h o t h r i x D696 and Anabaena D697 was made at both Fe 
concentrations (0.4, 4.0 mg L ~ ^ ) . Using 0.4 mg L~^ medium, the f i n a l Fe 
content was s i m i l a r i n Fe- and P - l l m i t e d c u l t u r e s f o r a l l three s t r a i n s at 
18-h p e r i o d , but no asympote was approached. I n contrast w i t h 4.0 mg L"^ 
Fe. asympotes were approached a f t e r two min ( F i g . 6.1 b-c). The apparent 
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Fig. 6.1 Accumulation of Fe by Fe- and P-li m i t e d c u l t u r e s of Ca l o t h r i x 
0253 ( O ) . D i c h o t h r i x D696 ( A ) , Anabaena D697 (•) and apparent 
s o l u b i l i t y of Fe (O) using normal Fe : EDTA i n saline medium 
a) With 0.4 mg L"''' Fe by Fe - l i m i t e d c u l t u r e s over 24-h period 
b) With 0.4 mg Fe by P- l i m i t e d c u l t u r e s over 24-h period 
c) With 4.0 mg L~"^ Fe by Fe - l i m i t e d c u l t u r e s over 10-min period 















time ( h ) 
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s o l u b i l i t y of Fe as shown by the c o n t r o l (- alga) f l a s k s was 25 % f o r Fe 0.4 
mg L~^ Fe a t 24 h and 97 % f o r 4.0 mg L~^ at 10 min. 
A comparison of removal of Fe by the s t r a i n s w i t h the c o n t r o l showed th a t 
i n 0.4 mg L~^ removal was s i m i l a r t o the c o n t r o l a t 24 h. but was greater i n 
4.0 mg L~^ a f t e r 10 min. There was no d i f f e r e n c e I n removal of Fe by Fe-
and P - l l m i t e d c u l t u r e s w i t h 0.4 mg L"-^  by 24 h, but w i t h 4.0 mg L~^ by 10 
min. 
( i i ) Use of low Fe : EDTA 
A f u r t h e r experiment was c a r r i e d out w i t h C a l o t h r i x D253 and Anabaena 
D697 using a reduced Fe : EDTA r a t i o t o keep Fe i n s o l u t i o n . In Fe-
l i m i t e d c u l t u r e s there was no asymptote over 24 h using 0.4 mg L~^, but 
asymptote was approached a f t e r 2 min using 4.0 mg L~^. I n contrast with P-
l i m i t e d c u l t u r e s , there was about 60 % reduc t i o n i n Fe accumulation. In 
co n t r a s t w i t h Fe content a t normal Fe : EDTA, the f i n a l Fe content of Fe-
l l m i t e d c u l t u r e s was 50 % lower a t the reduced r a t i o (using 0.4 mg L"^) ( 
Fig. 6.2 a ) , but the same f o r F e - l i m l t e d c u l t u r e s and less than 60 * f o r P-
l i m i t e d c u l t u r e s (using 4.0 mg L"^) ( F i g . 6.2 b-c). Using low Fe : EDTA 
r a t i o , Fe p r e c i p i t a t e d i d not occur a t normal (0,4 mg L~^) or at high (4.0 
mg L~^) Fe; t h e r e f o r e i t i s assumed t h a t Fe removed by the two s t r a i n s i s 
f i r m l y attached and not p r e c i p i t a t e d around the algae. 
( i l l ) I n f l u e n c e of Fe concentration on accumulation 
In view of the d i f f e r i n g r e s u l t s (1) w i t h normal (0.4 mg L~^) and high 
(4.0 mg L~^) Fe, a more d e t a i l e d experiment was performed on Cal o t h r i x D253 
using F e - l i m i t e d c u l t u r e . Accumulation by F e - l i m l t e d C a l o t h r i x D253 was 
tes t e d i n Fe concentrations over the range 0.4 - 4.0 mg L~^ w i t h a constant 
EDTA conc e n t r a t i o n . An asympote was approched a t about 1.7 mg L~^ Fe (Fig. 
6.3). 
135 
Fig. 6.2 Accumulation of Fe by Fe- and P-limited c u l t u r e s of Ca l o t h r l x 
D253 ( O ) . Anabaena D697 (• ) and apparent s o l u b i l i t y of Fe (O) 
using low Fe : EDTA i n s a l i n e mediun; 
a) With 0.4 mg L"'^ Fe by F e - l i m i t e d c u l t u r e s over 24-h period 
b) With 4.0 mg L""^ Fe by Fe - l i m i t e d c u l t u r e s over 10-min period 
c) With 4.0 mg L""*^ Fe by P- l l m i t e d c u l t u r e s over 10-min period 
136 

























^ o o o o o o 
10 0 













Fig. 6.3 (a) Influence of Fe concentration (0.4 - 4.0 mg L"''^) on Fe 
accumulation by F e - l i m i t e d c u l t u r e of C a l o t h r i x D253 (O) i n 
s a l i n e medium f o r 10 min, w i t h constant EDTA (20.0 mg L ^ ) 
(b) Double r e c i p r o c a l p l o t of the data i n ( a ) , where V = rate of 















( I v ) Influence of EDTA concentration on Fe accumulation 
Accumulation was the same (Table 6.1) at d i f f e r e n t EDTA concentrations. 
The apparent s o l u b i l i t y of Fe i n the c o n t r o l was 97 - 102 %. i n d i c a t i n g that 
accumulation was independent of Fe p r e c i p i t a t i o n and also t h a t high EDTA 
concentrations had no in f l u e n c e on accumulation. 
Table 6.1 Influence of EDTA concentration on Fe accumulation by Fe-limited 
C a l o t h r i x D253 using high Fe (4.0 mg L ~ ^ ) . 





With normal Fe : EDTA r a t i o , the apparent s o l u b i l i t y of Fe decreased with 
time; Fe associated w i t h the alga w i t h 0.4 mg Fe over 24 h may therefore 
include some p r e c i p i t a t e . As no p r e c i p i t a t e was observed with controls 
under the other c o n d i t i o n s , i t i s assumed t h a t the Fe associated w i t h the 
alga d i d not include p r e c i p i t a t e . 
6.2 Inf l u e n c e of phy s i c a l and chemical f a c t o r s on Fe accumulation i n saline 
medium 
In view of the r e s u l t s i n 6.1 i t was not cle a r which f a c t o r s were 
involved i n the removal of Fe from the medium. The influence of physical 
and chemical f a c t o r s on Fe accumulation by F e - l i m i t e d c u l t u r e s was therefore 
i n v e s t i g a t e d . The inoculum was prepared as described i n 6.1. and 
accumulation was c a r r i e d out using 4.0 mg Fe w i t h the low Fe : EDTA 
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r a t i o over 10 min i n s a l i n e medium. The apparent s o l u b i l i t y of Fe during 
the experiment was determined i n a c o n t r o l (- alga) f l a s k . 
( i ) Influence of temperature 
Accumulation of Fe by C a l o t h r i x D253 and Anabaena D697 was investigated 
at three temperatures (0, 10. 32" C). Accumulation increased w i t h 
increased temperature ( F i g . 6.4). 
( i i ) Influence of l i g h t 
The r a p i d accumulation over the f i r s t 10 a i n (6.1) led t o the question 
whether or not accumulation i s l a r g e l y passive during t h i s period. The 
i n f l u e n c e of l i g h t was t h e r e f o r e i n v e s t i g a t e d f o r three s t r a i n s (D253. D696. 
D697); no i n f l u e n c e was found ( F i g . 6.5). 
A f u r t h e r experiment was c a r r i e d out using C a l o t h r i x D253 to see whether 
pre-incubation i n the dark may give d i f f e r e n t r e s u l t s . In t h i s experiment 
the inoculum was Incubated i n dark f o r 24 h before the a d d i t i o n of Fe. The 
r e s u l t s (data not shown) were s i m i l a r to those without dark pre-lncubation, 
again suggesting t h a t no r o l e f o r energy on Fe accumulation during the f i r s t 
10 min. 
( i l l ) I n f l u e n c e of pH 
The l i t e r a t u r e showed t h a t pH plays a key r o l e i n Fe speci a t i o n and 
th e r e f o r e may a f f e c t accumulation (1.22, 1.42). Accumulation of Fe by 
C a l o t h r i x D253 was i n v e s t i g a t e d over the range of pH 6 - 10. The r e s u l t s 
(Table 6.2) showed accumulation was increased from pH 7.0 upwards. During 
Fig. 6.4 Influence of temperature on accumulation of Fe by Fe-limited 
c u l t u r e s of two s t r a i n s i n s a l i n e medium using 4.0 mg L ^ Fe 
over 10-min period: 0 °C (O)> 10 °C ( A ) , 32 °C ( • ) 
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Fig. 6.5 Influence of l i g h t / d a r k i n c u b a t i o n on accumulation of Fe by Fe-
l l m i t e d c u l t u r e s of three s t r a i n s i n s a l i n e medium using 4.0 mg 
L""'' Fe over 10-min period: l i g h t ( O ) , dark ( # ) 
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the experiment the apparent s o l u b i l i t y of Fe was more than 97 * a t pH 8 and 
below, but decreased above pH 8. 
Table 6.2 Influence of pH on accumulation of Fe by Fe- l i m i t e d C a l o t h r i x 
D253: using high Fe (4.0 mg L"-^). 






( i v ) I n f l u e n c e of s a l i n i t y 
S a l i n i t y a f f e c t s the s p e c i a t i o n and pos s i b l y Fe accumulation (1.41). 
Accumulation by C a l o t h r i x D253 was studied over the range 0.05 - 9.3 °/oo 
s a l i n i t y ( a t pH 7.8). There was l i t t l e , i f any. e f f e c t (Table 6.3). 
Table 6.3 Influence of s a l i n i t y on accumulation of Fe by Fe-limited 
C a l o t h r i x D253: using high Fe (4.0 mg L~^) 







6.3 Influence of metabolic i n h i b i t o r s on Fe accumulation i n saline medium 
The next step was t o i n v e s t i g a t e the possible r o l e of i n h i b i t o r s : three 
s t r a i n s (D253. D696, D697) were used f o r t h i s purpose. CCCP (8 \M) and 
2,4-DNP (50 pM) were chosen as i n h i b i t o r s of photo- and ox i d a t i v e 
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phosphorylation, r e s p e c t i v e l y (9.62). The i n h i b i t o r s d i d not cause any 
s h i f t i n pH. F e - l i m i t e d c u l t u r e s were inoculated i n medium containing one 
of the i n h i b i t o r s and incubated f o r 60 min p r i o r t o the a d d i t i o n of Fe f o r 
10 mln. Both i n h i b i t o r s were t e s t e d i n dark and l i g h t . Accumulation was 
s i m i l a r ( F i g . 6.6 a-e) under a l l circumstances. 
6.4 Production of siderophores i n s a l i n e and freshwater media 
6.41 B i o l o g i c a l assay f o r c h e l a t i n g a c t i v i t y 
A b i o l o g i c a l t e s t f o r production of c h e l a t i n g agent(s) (2.7) was c a r r i e d 
out on f i v e s t r a i n s ( C a l o t h r i x D253. C a l o t h r i x D550. C a l o t h r i x D603. 
D i c h p t h r i x D696. Anabaena D697) i n s a l i n e and freshwater media i n the 
absence of both Fe and EDTA. None of the s t r a i n s were able t o grow (Table 
6.4) i n s a l i n e medium, but i n freshwater medium three s t r a i n s (D603. D550. 
D697) showed obvious i n i t i a l growth and two (D253. D696) d i d not. The 
former three s t r a i n s e v e n t u a l l y ceased growth, presumably as a r e s u l t of Fe-
l i m i t a t i o n . 
The i n f l u e n c e of EDTA on growth of three s t r a i n s (D253. D696, D697) was 
also i n v e s t i g a t e d i n media i n absence of Fe (Table 6.4). A l l three s t r a i n s 
grew i n i t i a l l y when s u f f i c i e n t EDTA was present. I n a d d i t i o n , when EDTA 
was added t o c u l t u r e s p r e v i o u s l y subcultured t o EDTA-free medium f o r s i x 
days, slow recovery occurred by about day f o u r . The c u l t u r e s , which were 
pale yellow and h i g h l y vacuolated before a d d i t i o n of EDTA, showed obvious 
recovery. 
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Fig. 6.6 Influence of 2,4-DNP (a-c) and CCCP ( e - f ) on accumulation of 
Fe by F e - l i m i t e d c u l t u r e s of three s t r a i n s i n saline medium using 
4.0 mg L"-"^  Fe over 10-min period: l i g h t ( O ) , dark (•) 
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6.42 Chemical assay f o r siderophores 
( i ) F e r r i c p e r c h l o r a t e assay 
Following the above r e s u l t s the study was extendied t o look f o r chemical 
evidence f o r production of siderophore by the three s t r a i n s . Absorbance 
of Fe-binding p r o p e r t i e s of siderophore were recorded using perchlorate 
assay at 490 nm (Goldman et a l . , 1983: Clarke et a l . . 1987) although no 
peak was found f o r c u l t u r e f i l t r a t e s I n - Fe and + Fe medium: 
s t r a i n absorbance (490 nm) 
- Fe + Fe medium 
C a l o t h r i x 0550 0.04 <0.001 
C a i o t h r i x D603 0.08 <0.001 
Anabaena D697 0.12 <0.001 
(11) Absorption spectrum assay 
F o l l o w i g the above r e s u l t s the next step was t o charachterize the type of 
siderophore. The absorption spectrum f o r Fe-siderophore complex was 
determined as described i n 2.7 and the r e s u l t s are given I n Fig. 6.7. The 
Fe-siderophore complex of a l l three s t r a i n s showed a s i m i l a r pattern w i t h 
the maximum peak a t 320 nm. The spectrum does not f i t t h a t of the 
siderophore produced by the marine coccoid blue-green alga Agmenellum 
quadruplicatum s t r a i n PR-6 (Armstrong & Van Baalen. 1979) though i t i s 
f a i r l y s i m i l a r between 300 - 350 nm. The spectrua was completely d i f f e r e n t 
t o t h a t produced by Pseudomonas fluorescens (Meyer & Abdallah, 1978) and 
t h a t of F e ( I I I ) - f e r r i b a c t i n and F e ( I I I ) - p y o v e r d i n e produced by P. 
fluorescens, but was very s i m i l a r t o the purple compound (un known chelating 
m a t e r i a l ) produced by the same species (Phislon & L l i n a s . 1981). 
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F i g . 6.7 Absorption spectra of Fe{111)-siderophore complex f o r Calo t h r i x 
D550 ( O ) • C a l o t h r i x D603 ( • ) and Anabaena D697 ( A ) grown i n 










( H i ) Siderophore-medlated Pe t r a n s p o r t system i n C a l o t h r i x s t r a i n s 
An experiment was c a r r i e d out on tow s t r a i n s (D550, D603) to see whether 
the slderophore used by algae I n t r a n s p o r t of Fe. C a l o t h r i x D550 and 
C a l o t h r i x D603 were grown i n absence of EDTA w i t h d i f f e r e n t concentrations 
of Fe i n freshwater medium i n batch c u l t u r e . Both s t r a i n s were grew 
normaly and healthy w i t h growth being more r a p i d i n C a l o t h r i x D603. 
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7 INTERACTION BETWEEN Fe- AND P-LIMITATION 
7.1 Changes i n P concentration during growth i n s a l i n e medium 
The p o s s i b i l i t y has been ra i s e d (1.34) t h a t P a v a i l a b i l i t y may be a 
problem under c o n d i t i o n s of F e - l l m i t a t i o n . The r e s u l t s presented e a r l i e r 
(Chapters 4, 5) d i d not i n d i c a t e any such I n t e r a c t i o n . However a f u r t h e r 
experiment was planned to i n v e s t i g a t e changes i n P i n c u l t u r e s grown to Fe-
and P - l l m i t a t l o n . The experiment was c a r r i e d out i n s a l i n e medium under 
con d i t i o n s which l e d e v e n t u a l l y t o Fe- or P - l i m i t a t i o n as In 5 . 1 - i i , using 
fo u r s t r a i n s (D253. D550. D696, D697). The inoculum was prepared as i n 
2.561 and the experiment was c a r r i e d out under standard conditions (2.44). 
The medium used w i t h normal Fe (0.4 mg L~^) contained high P (10 mg L~M i n 
order to lead t o F e - l i m i t a t i o n , but low P (0.05 mg L~^) to led to P-
l i m i t a t l o n . I n both cases low Fe : EDTA was used, as Fe p r e c i p i t a t i o n does 
not occur (see 3.1, 5 . 1 - i i ) . I t i s t h e r e f o r e assumed t h a t the P removed by 
the algae was not due t o p r e c i p i t a t i o n associated around algae. 
The P content increased r a p i d l y and reached a maximum at 24 h i n high P 
medium ( F i g . 7.1). The maximum then decreased r a p i d l y and a t t a i n e d a 
constant l e v e l by the end of the growth period: 
s t r a i n P content {% dry weight) a t various stages 
inoculum max. min. * of P removed 
C a l o t h r i x D253 0.46 
C a l q t h r i x D550 1.1 
D i c h o t h r i x D696 0.84 














Figure 7.1 Changes i n P concentration during growth of four s t r a i n s i n 
s a l i n e medium w i t h high P and low P at low r a t i o of Fe : EDTA. 
Arrows (a-e) i n d i c a t e time a t which the key morphological 
changes were f i r s t observed: 
a) a p i c a l v a c u o l a t l o n 
b) h a i r 
c) hormogonia production ceases 
d) secondary heterocyst 
e) akinete 
( • ) y i e l d (mg L~^) 
I # ) a l g a l P composition {% dry weight) 
( O ) t o t a l P i n algae (,ng ^ -1) 
( A ) P concentration i n medium 
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Conversely, i n low P medium there was only a small increase i n P content 
( F i g . 7.1), which was fo l l o w e d by a r a p i d decrease: 
s t r a i n 
C a l q t h r i x 
C a l o t h r i x 
D253 
D550 
D i c h o t h r i x D696 
Anabaena D697 
P content {% dry weight) a t various stages 

















The t o t a l P removed by the algae i n high P mediua increased i n a l l s t r a i n s 
throughout the growth p e r i o d , whereas i n low P medium t o t a l P removed had 
reached a plateau by the middle of the f i r s t week. 
7.2 Changes i n P concentration during growth i n freshwater medium 
A comparative experiment was c a r r i e d out i n freshwater medium (see 5.2), 
but only w i t h C a l o t h r i x D253 and C a l o t h r i x D550 as described i n 7.1. In 
high P medium the P content increased r a p i d l y ( F i g . 7.2), w i t h a maximum at 
24 (D253) and 48 h (D550). The value then decreased r a p i d l y and at t a i n e d a 
constant l e v e l by the end of the growth period: 
s t r a i n 
C a l o t h r i x 
C a l o t h r i x 
P content {% dry weight) at various growth stages 












Figure 7.2 Changes i n P concentration during growth of two s t r a i n s i n 
freshwater medium w i t h high P and low P a t low r a t i o of Fe 
EDTA. Arrows (a-e) i n d i c a t e time a t which the key 
morphological changes were f i r s t observed: 
a) a p i c a l vacuolation 
b) h a i r 
c) hormogonia production ceases 
d) secondary heterocyst 
e) akinete 
( • ) y i e l d (mg L~^) 
( 9 ) a l g a l P composition (% dry weight) 
( A ) t o t a l P i n algae (mg L " - ^ ) 
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Conversely, i n low P medium there was only a small increase i n P content 
( F i g . 7.2), which was followed by a r a p i d decrease: 
s t r a i n P content (* dry weight) a t various stages 
Inoculum max. min. * of P removed 
C a l o t h r i x D253 0.49 0.71 0.10 100 
C a l o t h r i x D550 0.45 0.98 0.16 97 
The t o t a l P removed by the algae i n high P medium increased i n a l l s t r a i n s 
throughout the growth p e r i o d , whereas i n low P medium t o t a l P removed 
reached a plateau by the middle of the f i r s t week. 
Morphological changes were described i n 5.2. The use of l i m i t a t i o n 
c r i t e r i a (5.2) showed t h a t growth i n the high P medium had led eventually to 
F e - l i m i t a t i o n , w h i l s t low P medium l e d t o P - l l m l t a t i o n . The r e s u l t s i n 
Chapter 5 and 7.1 suggest t h a t the Fe : P r a t i o may be used as an i n d i c a t o r 
f o r Fe- or P - l i m i t a t i o n : 
Fe : P r a t i o a t end of growth period 
s t r a i n s a l i n e medium freshwater medium 
high P low P high P low P 
C a l o t h r i x D253 0.25 2.5 0.2 1.5 
C a l o t h r i x D550 0.1 3.5 0.025 0.75 
D i c h o t h r i x D696 0.1 2.4 
Anabaena D697 0.08 0.75 
7.3 Possible r o l e of polyphosphate granules i n Fe accumulation i n saline 
and freshwater media 
Formation of polyphosphate granules was chosen as a v i s u a l i n d i c a t o r of P 
st a t u s . The aim of the f i r s t experiment was t o see whether Fe i s required 
i n polyphosphate for m a t i o n . Two s a l i n e medium were used f o r Ca l o t h r i x 
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D253. D l c h o t h r l x D696, Anabaena D697 (30 % ASP-M(-N)) and C a l o t h r l x D704 
* 6 
(100 % ASPgM(-N)), w h i l s t freshwater medium was used f o r C a l o t h r i x D550 
(Chu-10D{-N)). Cultures from l a t e exponential growth were subcultured i n t o 
- Fe and - P medium f o r two days before high P (10 mg L"^) was added. The 
granules were obvious i n a l l s t r a i n s w i t h i n f i v e min and increased at 120 
min, suggesting no need f o r Fe i n uptake of P or polyphosphate formation. 
A f u r t h e r experiment was c a r r i e d out t o see i f Fe uptake increased as 
polyphosphate granules formed. 10 mg P was added t o the P-limited 
c u l t u r e s of C a l o t h r l x D253, C a l o t h r i x D550, D i c h o t h r i x D696 and Anabaena 
D697 i n s a l i n e and t o C a l o t h r i x D253 and C a l o t h r i x D550 i n freshwater 
medium. There was no change i n Fe concentration despite polyphosphate 
formation. 
The experiment was repeated f o r the P - l i m i t e d c u l t u r e s of Ca l o t h r l x D253 
and Anabaena D697. but i n f r e s h l y prepared medium w i t h high P (10 mg L"^). 
As before, there was no r a p i d accumulation, suggesting t h a t polyphosphate 
granules d i d not enhance accumulation of Fe. These r e s u l t s suggest t h a t 
n e i t h e r i s Fe e s s e n t i a l f o r polyphosphate formation nor i s the l a t t e r 
e s s e n t i a l f o r uptake of Fe. 
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8 INFLUENCE OF Fe-LIMITATION ON NITROGENASE ACTIVITY 
8.1 Changes I n nltrogenase a c t i v i t y d u r i n g growth I n batch c u l t u r e i n 
sa l i n e and freshwater media 
The formation of secondary heterocysts I n Rlvularlaceae (4.21) i n 
response t o F e - l l m l t a t i o n suggests t h i s change may r e f l e c t a change i n 
a b i l i t y t o f i x n i t r o g e n . As Fe i s a major component of nltrogenase, an 
experiment was planned, t h e r e f o r e , t o I n v e s t i g a t e changes i n nltrogenase 
a c t i v i t y d u ring growth under con d i t i o n s which e v e n t u a l l y lead to Fe-
1 i m i t a t i o n . The experiment was c a r r i e d out i n medium w i t h normal (0.4 mg 
L~^) and a low Fe : EDTA r a t i o , high-P (10 mg L~^) (see 5.2). The inoculum 
was prepared as I n 2.561 and experiment was c a r r i e d out under standard 
c o n d i t i o n s (2.44). C a l o t h r l x D253 was grown i n s a l i n e and freshwater 
media. Anabaena D697 i n s a l i n e medium and C a l o t h r l x D550 i n freshwater 
medium. 
In a l l cases nltrogenase a c t i v i t y increased gradually ( F i g . 8.1) t o 
reach maximum values and then decreased subsequently! The peak of 
nltrogenase a c t i v i t y came three t o f i v e days a f t e r the peak of Fe i n the 
to to Rivularlaceae, but was reached a t the same time as the Fe peak i n 
Anabaena D697. The maximum and minimum values during the experiments were: 
s t r a i n medium nitrogenase a c t i v i t y 
(nmol CgH^ mg d wt~^ min"^) 
max. mln. 
C a l o t h r l x D253 s a l i n e 2.5 0.47 
C a l o t h r l x D253 freshwater 3.0 0.61 
C a l o t h r l x 0550 freshwater 4.8 0.26 
Anabaena D697 s a l i n e 4.7 0.92 
163 
Figure 8.1 Influence of Fe sta t u s on nitrogenase a c t i v i t y by algae during 
growth i n medium leading t o F e - l i m i t a t i o n : C a l o t h r i x D253. 
Anabaena D697 i n s a l i n e . C a l o t h r l x D253 and C a l o t h r l x D550 i n 
freshwater 
( O ) nitrogenase a c t i v i t y 
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8.2 Influence of Fe a d d i t i o n on nitrogenase a c t i v i t y by Fe- l i m i t e d c u l t u r e s 
i n s a l i n e and freshwater media 
This was tested on F e - l i m i t e d c u l t u r e s of C a l o t h r i x D253 and Anabaena D697 
i n s a l i n e medium and C a l o t h r i x D550 i n freshwater medium as described i n 
2.561 (omission of Pe and reduction of EDTA). Before Fe a d d i t i o n 
nitrogenase a c t i v i t y increased g r a d u a l l y ( F i g . 8.2) t o reach the maximum on 
day 4 w i t h a;ll c u l t u r e s ( F i g . 8,2), and then i n i t i a l l y decreased sharply, 
subsequently approaching a constant r a t e by day 10. Ir o n a d d i t i o n on day 
10 l e d t o a r a p i d increase (detectable w i t h i n one h) i n nitrogenase a c t i v i t y 
( F i g . 8,2), which reached a maximum w i t h i n 24 h and then decreased again: 
s t r a i n medium nitrogenase a c t i v i t y 
(nmol CgH^ mg d wt"^ m i n " ^ 
before Fe a d d i t i o n a f t e r Fe a d d i t i o n 
max. min. max. min. 
C a l o t h r i x D253 s a l i n e 2.10 0.92 3.43 0.53 
C a l o t h r l x D550 freshwater 3.00 0.49 3.10 0.37 
Anabaena D697 s a l i n e 3.20 1,30 3.40 1.80 
The experiment was repeated by resuspending the c u l t u r e of C a l o t h r i x D253 
i n f r e s h l y prepared medium ra t h e r than adding Fe t o the o l d c u l t u r e . A Fe-
l i m i t e d c u l t u r e (prepared as above) was homogenized, washed and a l i q u o t s 
were ino c u l a t e d i n t o s a l i n e medium minus FeEDTA. The alga was allowed to 
e q u i l i b r a t e f o r 30 min before Fe a d d i t i o n . A l i n e a r Increase (y = 0.169x -
0.31; r = 0.997) i n nitrogenase a c t i v i t y w i t h time was found ( F i g . 8.3) and 
no de c l i n e a f t e r 24 h as before, suggesting t h a t l i m i t a t i o n of some other 
element might have been developing i n the previous experiment. 
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Figure 8.2 Influence of a d d i t i o n of Fe on nitrogenase a c t i v i t y by algae 
d u r i n g growth i n - Fe s a l i n e (D697) and freshwater {D253, D5501 
medium 
( O ) nitrogenase a c t i v i t y 
( • ) frequency of heterocyst w i t h o u t Fe being added 
( • ) frequency of heterocyst a f t e r Fe being added 
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(2, Influence of i n h i b i t o r of p r o t e i n synthsis on nitrogenase a c t i v i t y i n 
s a l i n e and freshwater media 
I t was not c l e a r whether the r a p i d increase I n nitrogenase a c t i v i t y 
( F i g . 8.2) was due to a c t i v a t i o n of the process by Fe or t o synthesis of 
c e r t a i n p r o t e i n s . Therefore, the in f l u e n c e of an i n h i b i t o r 
(chloramphenicol, 25 mg L"''") f o r p r o t e i n synthesis was tested on 
nitrogenase a c t i v i t y . A F e - l i m l t e d c u l t u r e of C a l o t h r i x D253 was prepared 
as i n 8.2. and the experiment was c a r r i e d out i n s a l i n e medium. 
Chloramphenicol a d d i t i o n (30 mln before Fe a d d i t i o n ) prevented any 
increase i n nitrogenase a c t i v i t y ( F i g . 8.3), presumably by i n h i b i t i n g the 
synthesis of nltrogenase. 
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Figure 8.3 Influence of of chloramphenicol a d d i t i o n ( p r i o r to Fe) on 
nitrogenase a c t i v i t y by F e - l i m i t e d c u l t u r e of C a l o t h r l x D253 
grown i n s a l i n e medium. Chloramphenicol was added t o a f i n a l 
c oncentration of 25 mg L"'^  where i n d i c a t e d by the arrow 
{ O ) nitrogenase a c t i v i t y i n absence of i n h i b i t o r 





















9.1 Morphological and c y t o l o g i c a l response t o F e - l i m i t a t i o n 
A l l Rivularlaceae s t r a i n s responded markedly t o increasing Fe deficiency 
( 4 . 3 ) . Hormogonia production, which occurred vigorously during e a r l y 
stages of growth, s t a r t e d t o decrease as n u t r i e n t d e p l e t i o n led t o Fe-
l i m i t a t i o n ( 4 . 3 ) . A s i m i l a r response was shown t o P-deficiency (4.4). as 
has been reported p r e v i o u s l y f o r C a l o t h r i x D184 (Wood, 1984) and C a l o t h r i x 
D550 (L i v i n g s t o n e & Whitton. 1983). 
Another morphological f e a t u r e as a response t o increasing F e - l i m i t a t i o n 
i s the development of i n t r a - t h y l a k o i d a l vacuoles i n otherwise q u i t e t y p i c a l 
v e g e t a t i v e c e l l s , f e a t u r e s easy t o see w i t h the l i g h t microscope (4.3). 
though r e q u i r i n g the e l e c t r o n microscope f o r c o n f i r m a t i o n (4.3). This i s 
s i m i l a r t o previous r e s u l t s ( S i n c l a i r & Whitton, 1977; Douglas et a l . . 1986) 
and has been proposed as t o be a p a t h o l o g i c a l response since c e l l s were able 
t o regain t h e i r o r i g i n a l appearance upon r e s t o r a t i o n of the element i n 
question (Ueda, 1971). Such vacuolation v a r i e d among s t r a i n s , but was most 
pronounced i n C a l o t h r i x D550. Possible explanations f o r the vacuolation 
may be t o condense v e g e t a t i v e m a t e r i a l , decrease the demand f o r Fe. or due 
t o a r e d u c t i o n i n membrane synthesis. 
An e a r l y e f f e c t of F e - l l r a i t a t i o n was a decrease i n content of cyanophycin 
granules, perhaps because F e - l i m i t a t i o n l e d t o a decrease i n nitrogenase 
a c t i v i t y (Chapter 8, 9.8). However Anabaena D697 showed the opposite 
response, w i t h increased formation of cyanophycin granules. This may be 
associated w i t h the f a c t t h a t i n c r e a s i n g F e - l l m i t a t i o n leads t o Increased 
heterocyst frequency i n Anabaena, i n c o n t r a s t t o the response shown by 
C a l o t h r i x (see below). This f i t s w i t h r e s u l t s i n Chapter 8 where Anabaena 
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0697 maintained a r e l a t i v e l y high r a t e of nltrogenase a c t i v i t y f o r longer 
than Rivulariaceae s t r a i n s . 
Another marked response t o F e - l i m i t a t i o n was the formation of a new 
heterocyst a p i c a l t o the o r i g i n a l one (4.3), s i m i l a r t o that reported by 
S i n c l a i r & Whitton (1977), Wood (1984) and Douglas et a l . (1986) f o r various 
C a l o t h r i x s t r a i n s . Increasing Fe d e f i c i e n c y led t o repeated replacement of 
the heterocyst, w i t h a series of collapsed heterocysts basal to i t . 
Douglas et a l . suggested t h a t t h i s successive formation of heterocysts may 
be associated w i t h a switch t o molecular components w i t h reduced demand of 
Fe. The previous heterocysts presumably become non-functional, possibly by 
loss of the a b i l i t y t o synthesize nltrogenase or i t s d e s t r u c t i o n . 
U l t r a s t r u c t u r e of the heterocyst was also markedly a f f e c t e d by Fe-
l i m i t a t i o n . Comparison of the collapsed and secondary heterocysts i n 
C a l o t h r i x D550 or the normal ys F e - l l m i t e d i n Anabaena D697 (4.22) revealed 
a marked decrease i n the g r a n u l a t i o n and membrane content of the heterocyst. 
One possible explanation i s t h a t Fe acts as a s t r u c t u r a l component of 
membranes or plays a key r o l e i n t h e i r synthesis. 
A l l Rivularlaceae s t r a i n s produced h a i r s under conditions of P - l i m l t a t i o n 
and F e - l i m i t a t i o n (4.3, 4.4), although C a l o t h r i x D253 d i d so only i n 
freshwater medium (see below). However other s t r a i n s have been reported by 
S i n c l a i r & Whitton (1977), which form h a i r s as a response t o P - l i r a i t a t i o n . 
but not F e - l i m i t a t l o n . Hairs formed as a response t o F e - l i m i t a t i o n were 
less frequent and much shorter than those formed i n response t o P-
l i m i t a t i o n . S i m i l a r data were recorded f o r C a l o t h r i x D253 (Whitton et a l . . ; 
1973) and C a l o t h r l x D550 (Douglas et a l . . 1986) and f o r the marine C. 
Crustacea ( G u g l i e l m l . 1975). 
Increased h a i r formation under n u t r i e n t l i m i t a t i o n suggests a r o l e i n the 
absorption of p a r t i c u l a r n u t r i e n t ( s ) i n question ( P a l l a . 1893: S i n c l a i r & 
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Whitton. 1977), e i t h e r by f a c i l i t a t i n g the passage of n u t r i e n t s through the 
large surface of h a i r s , or by c a r r y i n g the necessary binding s i t e s along 
t h e i r l e n g th. Whatever the p h y s i o l o g i c a l r o l e of h a i r s under Fe- or P-
1 i m i t a t i o n , i t i s c l e a r they are not required when the element i n question 
i s u n l i m i t e d . 
One of the most s t r i k i n g observations on h a i r formation was the influence 
of s a l i n i t y i n C a l o t h r i x D253. Hairs d i d not form i n sa l i n e medium wi t h 
e i t h e r Fe- or P - l i m i t a t i o n . Downshift of c u l t u r e s from s a l i n e to 
freshwater medium l e d t o development of synchronized h a i r s from the a p i c a l 
region of most trichomes. This phenomenon may be accounted f o r one of the 
f o l l o w i n g : 
(a) switch of m a t e r i a l s from h a i r - f o r m a t i o n t o osmoregulatory product: 
(b) i n t e r a c t i o n of Na w i t h Fe and/or P metabolism. 
Fe-deficiency l e d t o the development of a brown pigmented sheath by 
C a l o t h r i x D253 ( 4 . 3 ) , a morphological e f f e c t s i m i l a r t o t h a t reported f o r 
four (D184, D251. D253, D266) of the 13 C a l o t h r i x s t r a i n s studied by 
S i n c l a i r & Whitton (1977). A l l the s t r a i n s studied by the l a t t e r authors 
showed sheaths which became t h i c k e r as a response t o Fe-deficiency, but only 
two s t r a i n s (D253, D696) d i d so i n the present study. Sheath material of 
C a l o t h r i x D550 has been reported (Weckesser et a l . , 1988) t o bind Fe the 
most e f f e c t i v e l y of any heavy metal tes t e d . 
A pale appearance of a l l s t r a i n s was another marked response t o Fe-
l i m i t a t i o n , w h i l s t normal colour was observed under P - l i m i t a t i o n (4.3, 4.4). 
This c h l o r o t i c e f f e c t i s l i k e l y t o be due t o a reduction i n c h l o r o p h y l l 
synthesis ( 1 . 3 ) ; see also Douglas et a l . (1986). A s t r i k i n g response 
dur i n g recovery of F e - l i m i t e d c u l t u r e s as a r e s u l t of Fe a d d i t i o n (but not 
other n u t r i e n t s ) i s the r a p i d formation of a few blue heterocysts i n 
Anabaena D697 (4.24); these heterocysts are much bluer than normal 
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vegetative c e l l s . There are reports which r e f e r to a s i m i l a r colour change 
i n response t o combined N by T l w a r i (1978) I n Nostochopsis lobatus and 
Whitton et a l . (1986) f o r heterocysts of C a l o t h r i x 0603. I n the present 
study heterocysts a t an e a r l y stage of d i f f e r e n t i a t i o n may begin to 
d e d i f f e r e n t i a t e t o normal vegetative c e l l s . 
9.2 Comparison of Fe content i n algae grown i n batch c u l t u r e 
The a l g a l s t r a i n s responded t o n u t r i e n t l i m i t a t i o n s not only by 
morphological and c y t o l o g i c a l changes, but also by p h y s i o l o g i c a l responses. 
The s i m i l a r i t i e s between the changes i n Fe content by a l l s t r a i n s suggest a 
p a r a l l e l p h y s i o l o g i c a l response f o r storage of Fe. A l l s t r a i n s reach a 
maximum Fe content by 24 h during growth i n batch c u l t u r e i n medium designed 
e v e n t u a l l y t o lead t o F e - l i m l t a t i o n (Chapter 5 ) . 
The maximum Fe content f o r any s t r a i n (1.43 * and 1.80 * dry weight i n 
s a l i n e and freshwater media, r e s p e c t i v e l y ) I n the present study i s less than 
t h a t (4.59 * dry weight) reported by Hayward (1969) f o r the diatom 
Phaeodactylum t r i c o r n u t u m and t h a t (3.45 % dry weight) reported by Knauss & 
Porter (1954) f o r the green alga C h l o r e l l a . The minimum value (0.07 % and 
0.06 % dry weight i n s a l i n e and freshwater media, r e s p e c t i v e l y ) i n 
r e l a t i v e l y healthy c u l t u r e found i n the present study agrees w i t h t h a t (0.06 
% dry weight) f o r Synechoccoccus sp. (Entsch et a l . , 1983). 
Ov e r a l l the r e s u l t s provide evidence which c l e a r l y i l l u s t r a t e s the great 
f l e x i b i l i t y i n capacity of blue-green algae during growth i n saline and 
freshwater media to accumulate Fe. Accordingly, based on the d e f i n i t i o n of 
"overplus" by Voelz et a l . (1966) and Weinberg (1975). i t i s suggested t h a t 
the r e s u l t s (6.1) i n d i c a t e t h a t an " i r o n overplus" phenomenon s i m i l a r to 
t h a t f o r P occurs i n the s t r a i n s studied here. The p h y s i o l o g i c a l and 
e c o l o g i c a l importance of Fe i n blue-green algae underlines the usefulness of 
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" i r o n overplus" by storage of Fe dur i n g periods of excess and u t i l i z a t i o n 
when i t scarce. This gives the blue-green algae the a b i l i t y t o compete 
s u c c e s s f u l l y w i t h other groups of algae i n the n a t u r a l environment. 
I r o n l i m i t a t i o n was achieved i n two d i f f e r e n t ways, by using e i t h e r - Fe 
medium (4.3) . or a medium w i t h low Fe (Chapter 5) and al l o w i n g the alga to 
remove t h i s Fe p r o g r e s s i v e l y d u r i n g growth. The s t r a i n s were grown i n low 
Fe (0.4 mg l " - ^ ) , high EDTA (X 3 i n s a l i n e , X 2 i n freshwater) and high P (10 
mg 1 ~^) and growth continued i n batch c u l t u r e . This led t o an important 
d i f f e r e n c e i n the morphological changes t o those observed when the alga was 
subcultured d i r e c t l y t o - Fe medium. No h a i r s were formed w i t h any s t r a i n , 
although the other morphological features noted i n - Fe medium (4.3) s t i l l 
occurred. A possible explanation i s the higher EDTA concentration i n the 
batch c u l t u r e experiment than i n the - Fe medium. 
Secondary heterocysts were formed long before the Fe concentration i n 
c u l t u r e s had reached the mimlmum value. During growth i n batch c u l t u r e 
leading t o F e - l i m i t a t l o n , the Fe contents when secondary heterocysts were 
f i r s t observed were: 0.31 % (D253), 0.32 % (D696) dry weight i n saline 
medium and 0.40 % (D253), 0-18 * (D550) dry weight i n freshwater medium. 
9.3 I s there any i n t e r a c t i o n between Fe- and P - l i m i t a t i o n ? 
I t has been suggested (Douglas et a l . , 1986; Whitton, 1987) t h a t h a i r 
formation as a response t o Pe-deficiency may r e s u l t from an i n t e r a c t i o n of 
Fe and P i n some c e l l process leading t o P d e f i c i e n c y , despite a high P 
concentration i n medium. Differences i n morphological, c y t o l o g i c a l and 
p h y s i o l o g i c a l responses t o e i t h e r Fe- or P - l i m i t a t i o n , which may help to 
consider p o s s i b l e i n t e r a c t i o n , may be summarized as f o l l o w s : 
(a) I n F e - l i m i t a t l o n (- Fe medium), h a i r s are present a t high c e l l u l a r P 
(e.g. 4.7 * dry weight f o r D550) and ex t e r n a l P (8.79 mg L ~ ^ ) , w h i l s t they 
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were present w i t h P a t 0.97 * dry weight under P - l i m i t a t i o n (low P medium). 
This i n d i c a t e s t h a t n e i t h e r c e l l u l a r nor e x t e r n a l P stopped h a i r formation 
i n response t o F e - l l m i t a t i o n and t h e r e f o r e the h a i r s were a clear response 
t o F e - l l m l t a t l o n . This might underline the possible f u n c t i o n a l 
s i g l n f i c a n c e of h a i r s i n response to F e - l i m i t a t i o n . 
(b) The formation and presence of polyphosphate granules i n a l l s t r a i n s 
under F e - l l m i t a t i o n suggests t h a t Fe i s not needed i n uptake of P. The 
formation of polyphosphate granules by P - l i m i t e d c u l t u r e s had no influence 
on Fe accumulation, suggesting t h a t c e l l u l a r P i s not needed i n Fe uptake. 
The gradual decrease ( w i t h time) of polyphosphate granules i n Fe-limited 
c u l t u r e i n d i c a t e s t h a t P i s being supplied t o the c e l l . I f i n t e r a c t i o n 
does occur, i t might occur a t the l e v e l of DNA synthesis, as Fe-deficiency 
reduces DNA synthesis i n Neurospora crassa (Landner, 1972). 
(c) Recovery of c u l t u r e s from each l i m i t a t i o n was a clear response t o the 
a d d i t i o n of the element i n question (Chapters 4 and 5 ) . Nonetheless, a 
p o s s i b i l i t y i s t h a t a d d i t i o n of Fe t o F e - l i m i t e d c u l t u r e s led t o uptake of 
Fe and subsequently released the "lock" on a v a i l a b i l i t y of c e l l u l a r P. which 
would then lead t o h a i r s being shed. 
(d) Phosphorus content i n F e - l i m l t e d c u l t u r e s i s much higher (420 *) than 
t h a t i n P - l i m i t e d c u l t u r e , suggesting a n e g l i g i b l e chance t h a t the Fe-
l i m i t e d c u l t u r e s were also P - l i m l t e d . 
(e) The Fe : P r a t i o may be used as i n d i c a t o r of the type of l i m i t a t i o n , 
decreasing under F e - l l m i t a t i o n , but incr e a s i n g under P - l i m i t a t i o n . This 
suggests t h a t under the l a t t e r demand was f o r P w h i l s t under the former i t 
was f o r Fe. 
( f ) The lack of formation of h a i r s by C a l o t h r i x D253 i n saline medium, but 
not i n freshwater medium, i n response t o e i t h e r Fe- or P - l i m i t a t i o n . 
c o n c l u s i v e l y shows t h a t n e i t h e r low c e l l u l a r Pe nor P i s a unique " t r i g g e r " 
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f o r h a i r formation but. i n f a c t , other e x t e r n a l f a c t o r (NaCl) i s involved. 
The f a s t r a t e a t which h a i r s were induced once NaCl i s removed suggests the 
p o s s i b i l i t y t h a t there i s a s p e c i f i c s i g n a l f o r i n i t i a t i o n of h a i r 
formation. 
According t o the above, i t appears s u p e r f i c i a l l y t h a t there i s no 
i n t e r a c t i o n between Fe- and P - l i m i t a t l o n . but n e i t h e r biochemical nor 
molecular i n t e r a c t i o n can be excluded. 
9.4 Siderophore production 
None of the f i v e s t r a i n s t e s t e d were able t o grow i n sa l i n e medium i n 
the absence of FeEDTA; however i n freshwater media three s t r a i n s ( C a l o t h r l x 
D550, C a l o t h r i x D603. Anabaena D697) were able t o grow i n absence of FeEDTA 
and produced a siderophore (6.4 ) . I n the case of C a l o t h r i x D550 and D603. 
the presence of a siderophore was shown c l e a r l y by the experiment (6.42) on 
prolonged growth i n the presence of Fe, but absence of EDTA. I n h i b i t i o n of 
growth of C a l o t h r i x D253 and D i c h o t h r i x D696 i s presumably due to these 
s t r a i n s possessing l i t t l e , i f any. a b i l i t y t o form a siderophore. This 
cannot e x p l a i n the absence of growth of some s t r a i n s i n freshwater, but not 
marine medium. The i n a b i l i t y of the two s t r a i n s t o grow i n e i t h e r medium 
may perhaps be due t o mutation through prolonged s u b c u l t u r i n g i n the 
presence of EDTA. I t must be stressed, however, t h a t growth i n the 
la b o r a t o r y , p a r t i c u l a r l y i n batch c u l t u r e , i s d i f f e r e n t t o th a t i n the 
n a t u r a l environment, i n which alga might ob t a i n Fe by other ways than use of 
siderophore. 
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Excretion of slderophore under Fe stress i n d i c a t e s a high degree of 
c e l l u l a r r e g u l a t i o n over Fe-assimilatory mechanisms and Fe-dependent 
pathways. Indeed, r e g u l a t i o n of the aerobactin operon has been 
characterized on plasmid ColV-K30 of E. c o l i (Bagg & Neilands. 1987). 
9.5 Influence of a l g a l Fe st a t u s on nitrogenase a c t i v i t y 
Wurtsbaugh and Home (1983) reported t h a t rates of nitrogenase a c t i v i t y 
i n blue-green a l g a l populations were stimulated by up t o 500 % above c o n t r o l 
l e v e l s by Fe a d d i t i o n s i n l a b o r a t o r y and i n s i t u . I n the present study, 
a d d i t i o n of Fe a t day 10 (8.2) led t o a r a p i d increase i n nitrogenase 
a c t i v i t y of C a l o t h r l x D253 {X 19), C a l o t h r i x D550 (X 21), Anabaena D697 (X 
7 ) . This may be e x p l a i n e d ^ e a d d i t i o n leading t o ra p i d synthesis of e i t h e r 
nitrogenase or other Fe-containing molecules required i n the f i x a t i o n 
process. Chloramphenicol prevented any s t i m u l a t i o n of nitrogenase a c t i v i t y 
i n response t o Fe a d d i t i o n t o F e - l i m l t e d c u l t u r e , suggesting i n h i b i t i o n of 
p r o t e i n synthesis. 
During growth i n batch c u l t u r e i n medium designed t o lead eventually to 
F e - l i m i t a t l o n , there was f i r s t a r a p i d increase i n nitrogenase a c t i v i t y , 
f o l l o w e d by a sharp decrease i n a c t i v i t y (8.1). The peaks of nitrogenase 
a c t i v i t y ( i n Rivulariaceae) came approximately three t o f i v e days a f t e r the 
peak of Fe content had dropped t o 0.6 * (D253) or 0.3 % (D550) dry weight. 
The r a t e of nitrogenase a c t i v i t y has been reported t o be p o s i t i v e l y 
c o r r e l a t e d w i t h Fe a v a i l a b i l i t y (Elder & Horne, 1977). This c o r r e l a t i o n 
could be expressed, i n the present study, using the r a t i o between the rate 
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of increase i n a c t i v i t y and the r a t e of decrease i n Fe content, which was 
approximately constant (1.67) between days one and f o u r . 
In Anabaena D697 there were two marked d i f f e r e n c e s from Rivulariaceae 
s t r a i n s : 
(a) Peak of nitrogenase a c t i v i t y reached soon a f t e r the Fe peak and 
continued f o r three days, by which time the Fe content had dropped to 0.2 % 
dry weight; t h i s may be associated w i t h the f a c t t h a t increasing Fe-
1 i m i t a t i o n leads t o increased heterocyst frequency i n Anabaena. i n contrast 
to the response shown by C a l o t h r i x . 
(b) Although the minimum nitrogenase a c t i v i t y was s i m i l a r to t h a t i n 
Rivulariaceae s t r a i n s the minimum Fe content I n the l a t t e r was lower; 
apparently the l a t t e r may be more e f f i c i e n t i n using Fe. 
The peak of a c t i v i t y i n C a l o t h r i x D253 i n s a l i n e medium extended longer and 
came two days e a r l i e r than i n freshwater medium, but both ended at the same 
day. coresponding t o a s i m i l a r Fe content. This suggests t h a t nitrogenase 
a c t i v i t y became F e - l i m i t e d a t the same time, although accelerated 
d i f f e r e n t l y at d i f f e r e n t s a l i n i t i e s . Conversely, Nlven et a l . (1987) 
showed t h a t nitrogenase a c t i v i t y by freshwater Anabaena v a r i a b i l i s was 
i n h i b i t e d w i t h i n 30 mln of exposure to NaCl (50, 100, 200 mM), but recovered 
w i t h i n 24 h, p o s s i b l y because the r a p i d need f o r ATP i n Na e f f l u x led to a 
shortage of, ATP and, subsequently, t o a reduction i n nitrogenase a c t i v i t y . 
9.6 Concluding remarks 
The o v e r a l l observations i n t h i s study show t h a t F e - l i m i t a t i o n has a 
marked I n f l u e n c e on morphology, cytology and physiology of Rivulariaceae 
s t r a i n s , though d i f f e r i n g i n several Important ways from that i n Anabaena 
D697. The successive replacement of heterocysts i n Rivulariaceae s t r a i n s 
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c o n t r a s t s w i t h the increase i n frequency of heterocysts i n Anabaena D697. 
though both are s t r a t e g i e s t o survive F e - l i m i t a t i o n . 
The lack of formation of h a i r s by C a l o t h r l x D253 i n s a l i n e medium i n 
c o n t r a s t t o freshwater medium i n response t o Fe- or P-1imitation shows that 
n e i t h e r low c e l l u l a r Fe nor P i s an unique " t r i g g e r " f o r h a i r formation, but 
another e x t e r n a l f a c t o r (NaCl) i s involved. The f a s t r a t e a t which h a i r s 
were induced once NaCl i s removed suggests the p r o b a b i l i t y t h a t there i s a 
s p e c i f i c s i g n a l f o r i n i t i a t i o n of h a i r formation. 
The increase i n Fe content of algae during growth i n batch c u l t u r e i n 
medium designed e v e n t u a l l y t o lead t o F e - l i m i t a t i o n provide evidence which 
c l e a r l y i l l u s t r a t e s the great f l e x i b i l i t y i n capacity of blue-green algae 
d u r i n g growth i n s a l i n e and freshwater media t o accumulate Fe. The 
increase i n Fe content g r e a t l y exceeded t h a t found during exponential 
growth, i n d i c a t i n g t h a t an " i r o n overplus" phenomenon s i m i l a r t o t h a t f o r P 
occurs i n the s t r a i n s studied here. 
The comparison of a l l responses under Fe- and P - l i m i t a t i o n indicates 
s u p e r f i c i a l l y t h a t the two l i m i t a t i o n s do not i n t e r a c t , but n e i t h e r 
biochemical nor molecular i n t e r a c t i o n can be excluded. The changes i n 
Fe : P r a t i o i n algae du r i n g growth i n batch c u l t u r e may be used as an 
i n d i c a t o r f o r the type of l i m i t a t i o n . 
Production of siderophore i n response to F e - l i m i t a t i o n by three 
d i f f e r e n t s t r a i n s from three d i f f e r e n t environments suggests t h a t 
siderophore s e c r e t i o n may be widespread and t h a t there i s a high degree of 
c e l l u l a r r e g u l a t i o n over Fe-assimilatory mechanisms and Fe-dependent 
pathways. 
The r a p i d increase i n nitrogenase a c t i v i t y as a r e s u l t of a d d i t i o n of Fe 
t o F e - l i m i t e d c u l t u r e , u n d e r l i n i n g the importance of Fe i n N - f i x a t i o n . 
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SUMMARY 
1. Five Rivulariaceae s t r a i n s ( C a l o t h r i x D253, C a l o t h r i x D550, Ca l o t h r i x 
D603. D i c h o t h r i x D696, C a l o t h r i x D704) were used f o r various types of 
study: 
C a l o t h r i x C a l o t h r i x C a l o t h r i x D i c h o t h r i x C a l o t h r i x 




















C a l o t h r i x D253 was the key s t r a i n used i n a l l experiments. Anabaena D697 
was also Included f o r various types of couparison w i t h the Rivulariaceace. 
2. A study was made on Morphological and c y t o l o g l c a l features a f t e r 
subculture i n t o batch c u l t u r e using three versions of s a l i n e and freshwater 
media (standard, - Fe, low P). The - Fe and low P media were designed 
s p e c i f i c a l l y t o ensure t h a t growth towards the end of batch c u l t u r e was 
l i m i t e d by Fe and P. r e s p e c t i v e l y . I n general the response of a l l the 
Rivulariaceae was s i m i l a r f o r any one p a r t i c u l a r medium, but there were 
marked d i f f e r e n c e s between media. 
3. I n - Fe medium trichomes were characterized (on moving from base to apex) 
by: formation of a series of new heterocysts a p i c a l t o the o r i g i n a l 
h eterocyst, I n t r a - t h y l a k o l d a l vacuolation I n vegetative c e l l s , pale 
appearance, absence of cyanophycin granules, presence of polyphosphate 
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granules and a high frequency of trlchomes w i t h h a i r s (except C a l o t h r l x D253 
i n s a l i n e medium: see below), but w i t h these h a i r s only short. A brown 
sheath was formed i n one s t r a i n ( C a l o t h r l x D253) (4.3). I n terms of a time 
sequence the f i r s t morphological i n d i c a t i o n of Fe-deficiency was the 
development of i n t r a - t h y l a k o i d a l vacuoles i n vegetative c e l l s , followed by 
formation of h a i r s . 
4. I r o n l i m i t a t i o n was also achieved i n a d i f f e r e n t manner, by using a 
medium w i t h low Fe and a l l o w i n g the alga t o remove t h i s Fe progressively 
d u r i n g growth: the s t r a i n s were grown i n low Fe (0.4 mg 1~^), high EDTA (X 3 
i n s a l i n e , X 2 i n freshwater) and high P (10 mg 1 ~^) and growth continued 
i n batch c u l t u r e . This led t o an important d i f f e r e n c e i n the 
morphological changes t o those observed when the alga was subcultured 
d i r e c t l y t o - Fe medium. No h a i r s were formed w i t h any s t r a i n , although 
the other morphological features noted i n (3) s t i l l occurred. 
5. I n low P medium, the f o l l o w i n g features were noted: no ext r a heterocysts, 
presence of cyanophycin granules and absence of polyphosphate granules, no 
obvious colour change and both a high frequency of h a i r i n e s s and w i t h long 
h a i r s ( 4 . 4 ) . 
6. I n C a l o t h r i x D253 (but not other s t r a i n s ) h a i r s d i d not form i n s a l i n e 
medium i n e i t h e r - Fe or low P medium; t h i s e f f e c t was demonstrated using 
seawater or a d d i t i o n a l NaCl as the source of s a l i n i t y . Downshift from old 
c u l t u r e s i n a - Fe, low P ve r s i o n of s a l i n e medium t o a s i m i l a r version of 
freshwater medium l e d t o synchronized development of h a i r s i n the apical 
region of most trichomes. This i s i n marked cont r a s t t o h a i r formation 
under normal circumstances, where many stages are present at the same time. 
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A r e c i p r o c a l u p s h i f t from freshwater t o s a l i n e aedlum led to loss of h a i r s , 
whether formed as a response t o Fe- or P - l i r a l t a t i o n (4.5). 
7. The a d d i t i o n of Fe and P (but not other n u t r i e n t s ) led to recovery of 
growth i n the resp e c t i v e l i m i t e d c u l t u r e s . Recovery from F e - l l m l t a t i o n 
included ( i n temporal sequence): loss of the collapsed heterocysts, colour 
r e s t o r a t i o n , loss of va c u o l a t i o n , loss of h a i r s , appearance of cyanophycin 
granules and, f i n a l l y , d i f f e r e n t i a t i o n and release of hormogonia. Electron 
microscopy of C a l o t h r i x D550 confirmed t h a t the vacuoles i n Fe-liraited 
v e g e t a t i v e c e l l s are I n t r a - t h y l a k o l d a l and t h a t a d d i t i o n of Fe leads to the 
th y l a k o l d s recovering t h e i r normal shape w i t h i n 24 h. 
8. Recovery from P - l i i a i t a t i o n Included ( i n teaporal sequence): rap i d 
increase i n polyphosphate granules, decrease i n cyanophycin granules, loss 
of h a i r s and d i f f e r e n t i a t i o n and release of horraogonia. 
9. Changes i n Fe content were studied during growth i n batch c u l t u r e i n 
three s t r a i n s ( C a l o t h r i x D253, C a l o t h r i x D550, D i c h o t h r i x D696) using saline 
and freshwater versions of a medium designed t o avoid p r e c i p i t a t i o n of Fe: 
low Fe (0.4 mg 1~^) and high EDTA (X 3 i n s a l i n e , X 2 i n freshwater); i t was 
shown t h a t less than 2 % of Fe was removed by a GF/C f i l t e r . Use of t h i s 
medium l e d e v e n t u a l l y t o Fe l i m i t a t i o n . The maximum Fe content was reached 
by 24 h (1.42 % and 1.80 dry weight i n s a l i n e and freshwater medium, 
r e s p e c t i v e l y ) ; a t the end of batch c u l t u r e growth, i t had dropped t o 0.07 
and 0.06 % dry weight i n s a l i n e and freshwater aedlum, r e s p e c t i v e l y (5.2). 
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10. I n low P medium, the Fe content ranged w i t h i n narrow l i m i t s (0.38 - 0.10 
% dry weight f o r s a l i n e and 0.38 - 0.10 % dry weight f o r freshwater) 
throughout the growth period ( 5 . 1 , 5.2). 
11. During growth i n batch c u l t u r e leading t o F e - l i m i t a t i o n , Fe contents 
when secondary heterocysts were f i r s t observed were: 0.31 % (D253), 0.32 % 
(D550). 0.32 % (D696) dry weight i n s a l i n e and 0.40 % (D253), 0.18 % (D550) 
dry weight i n freshwater medium. 
12. The r a p i d formation of polyphosphate granules by P-l i m i t e d c u l t u r e s had 
no i n f l u e n c e on accumulation of Fe. 
13. The P content Increased i n a l l s t r a i n s on subculture t o low Fe medium 
reaching a maximum by 24 h, but subsequently decreased markedly. The P 
contents when h a i r s were f i r s t observed d u r i n g growth leading t o P-
l i m i t a t i o n ( i n low P medium) were: 0.60 (D550), 0.30 (D696) % dry weight i n 
s a l i n e and 0.30 (D253), 0.97 (D550) % dry weight i n freshwater medium. 
14. The Fe : P r a t i o (by weight) decreased w i t h time under conditions 
leading t o Fe d e f i c i e n c y , w h i l s t i t increased i n conditions leading t o P 
d e f i c i e n c y (low P medium). The mean r a t i o f o r the s t r a i n s was 0.11 at the 
time h a i r s were s t a r t i n g t o form i n - Fe medium. I n the case of secondary 
heterocysts, i t was 0.075 when they s t a r t e d t o form i n - Fe medlura and 0.79 
and 0.25 i n s a l i n e and freshwater media, r e s p e c t i v e l y , when they s t a r t e d to 
form i n low Fe medium. 
When h a i r s were formed i n low P medium as a r e s u l t of P - l i m i t a t i o n . the 
mean Fe : P r a t i o was 1.6 and 1.5 i n s a l i n e and freshwater media, 
r e s p e c t i v e l y . 
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15. The main d i f f e r e n c e s from the Rivulariaceae shown by Anabaena 0697 i n 
both (- Fe, low Fe) media leading t o Fe l i m i t a t i o n were the absence of 
secondary heterocysts adjacent t o the o r i g i n a l heterocyst, Increase i n 
cyanophycin granules and development of aklnetes. S i m i l a r i t i e s were 
increase i n I n t r a - t h y l a k o l d a l v a c u o l a t i o n , presence of polyphosphate 
granules and pale colour. A d d i t i o n of Fe t o F e - d e f i c l e n t material led to 
the development of a blue colour I n c 1 % of heterocysts, a feature not 
observed w i t h any Rivulariaceae t e s t e d ; none of the s t r a i n s showed blue 
heterocysts on a d d i t i o n of P t o P - d e f l c l e n t c u l t u r e . Electron microscopy 
confirmed the loss of I n t r a - t h y l a k o i d a l vacuolation on a d d i t i o n of Fe to 
F e - d e f l c i e n t Anabaena. 
16. The production of slderophores by f i v e s t r a i n s ( C a l o t h r i x 0253, 
C a l o t h r i x D550. C a l o t h r i x 0603, D i c h o t h r i x D696, Anabaena 0697) was 
tested by a spectrophometric method i n s a l i n e and freshwater media. Three 
s t r a i n s ( C a l o t h r i x 0550, C a l o t h r i x 0603, Anabaena 0697) produced a 
siderophore. but o n l y i n freshwater. 
17. Influence of Fe st a t u s on nitrogenase a c t i v i t y was tested f o r three 
s t r a i n s ( C a l o t h r i x 0253, C a l o t h r i x 0550, Anabaena 0697) i n s a l i n e and 
freshwater media i n batch c u l t u r e . I n Rivulariaceae s t r a i n s , peaks of 
nitrogenase a c t i v i t y came approximately three t o f i v e days a f t e r the peak of 
Fe content, by which stage the Fe content had dropped t o : 0.6 * (D253). 
0.3 % (D550) dry weight. I n c o n t r a s t , w i t h Anabaena peak of nitrogenase 
a c t i v i t y was reached soon a f t e r the Fe peak and continued f o r three days, by 
which stage the Fe content had dropped t o 0.2 % (0697) dry weight. 
A d d i t i o n of Fe t o F e - l l m i t e d c u l t u r e s of 0253 l e d t o a r a p i d increase i n 
.J 
nitrogenase a c t i v i t y , detectable w i t h i n one hour and reaching a maximum 
w i t h i n 24 h. However nitrogenase a c t i v i t y showed no change when 
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chloramphenicol was added 30 min p r i o r t o the a d d i t i o n of Fe to Fe-limited 
c u l t u r e s . 
186 
APPENDIX 1. DATA ON C a l o t h r i x D704 DURING GROWTH IN STANDARD. - Fe. LOW P 
MEDIUM. 
This appendix presents the data on C a l o t h r i x D704, which r e f e r s to the 
t e x t i n 4.2. 4.3, 4.4. D e f i n i t i o n of the characters are given i n 2.9. 
Table A l . l Dimensions (pm) of morphological characters of C a l o t h r i x D704 i n 
standard 100 % ASP„M(-N) medium (4.2). 
6 
day veg e t a t i v e p a r t of trichome h a i r sheath 
length basal a p i c a l length width 
0 30.5 12.5 2.5 - - <1 
2 45.5 12.5 2.5 - - <1 
4 98.5 12.5 2.5 - - <1 
6 98.5 12.5 2.5 50.5 1.5 <1 
8 102.5 12.5 2.5 152.5 2.5 <1 
10 110.5 12.5 2.5 349.5 2.5 <1 
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Table A1.3 Dimensions (pm) of morphological characters of Ca l o t h r i x D704 i n 
- Fe medium (100 * ASP„M(-N)) (4,3). 
6 
day v e g e t a t i v e p a r t of trlchome h a i r sh 
length basal a p i c a l length width 
0 30.5 12.5 4.5 _ _ <1 
2 45.5 12.5 4.5 - . - <1 
4 52.5 12.5 4.5 75.5 1.5 <1 
6 50.5 12.5 4.5 120.5 1.5 <1 
8 51.5 12.5 4.5 170.5 1.5 <1 
10 53.5 12.5 4.5 172.5 1.5 <1 
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Table A1.5 Dimensions (pm) of morphological characters of C a l o t h r i x D704 
a f t e r a d d i t i o n (day 11) of Fe t o Fe - l i m i t e d c u l t u r e s i n 100 % ASP^M(-N) 
6 
medium. 
day ve g e t a t i v e p a r t of trichome 
length basal a p i c a l 
h a i r 
length width 
sheath 
0 (day 11) 50 5 12 5 2 5 175.5 2.5 <1 
1 45 5 12 5 2 5 <1 
2 55 5 12 5 2 5 <1 
3 52 5 12 5 2 5 <1 








































. 1 0) b 










(d I H 
f» a; (d 
1—( 
• r l 
o c 
o 
o . • H 
p 
1—( • H 











r- l to 
3 a , 
C V) 
(d < IH 
o 
o 







































r - l 
p Id 
Id C J 
x : • H 
o . a to to 
o £ 
1-1 




o o o o 
T H C M U5 
I lO O O 
I I I I I 
o o o o o 
o o o o o 
to to to i n m 
Id 
T3 
O r-i C M C O 
192 
Table A1.7 Dimensions (ym) of morphological c h a r a c t e r s of C a l o t h r l x D704 i n 
low P medium (100 % ASP^M(-N)) ( 4 . 4 ) . 
6 
day v e g e t a t i v e p a r t of trlchome 
length b a s a l a p i c a l 
h a i r 
length width 
sheath 
0 30 5 12.5 4 5 - - <1 
2 35 5 12.5 4 5 - - <1 
4 80 5 12.5 3 5 30 5 2 5 <1 
6 80 5 12.5 3 5 250 5 2 5 <1 
8 80 5 12.5 3 5 320 5 2 5 <1 
10 100 5 12.5 3 5 370 5 2 5 <1 
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Table A1.9 Dimensions (pm) of morphological c h a r a c t e r s of C a l o t h r i x D704 
a f t e r a d d i t i o n (day 8) of P to P - l i m i t e d c u l t u r e s i n 100 * ASP^M(-N) medium. 
6 
day 
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Table A l . l l Comparison of the morphological changes i n responses before and 
a f t e r a d d i t i o n of Fe and P to r e s p e c t i v e Fe- and P- l i m i t e d c u l t u r e s of 
C a l o t h r i x D704 i n s a l i n e (100 * ASP^M(-N)) medium. 
6 
c h a r a c t e r 
h a i r i n e s s 
length of h a i r 
trichome as h a i r 
secondary h e t e r o c y s t 
polyphosphate granules 
cyanophycin g r a n u l e s 
t h i c k sheath 
hormogonia production 
colour 
F e - l i m i t a t i o n 
Fe a d d i t i o n 









P - l i m i t a t i o n 
P addi t i o n 






F i g . A l . l Morphological changes of C a l o t h r i x D704 grown i n s a l i n e 
medium (100 % ASP„M{-N)) 6 
(1) standard medium 
a ) Hormogonium 
b) Young trichome with h e t e r o c y s t 
c) Hormogonial r e l e a s e from mature trichome with necridium 
d) Mature trichome a f t e r c e a s i n g hormogonial r e l e a s e 
{ i i ^  - Fe medium 
a ) Hormogonium 
b) Young trichome with h e t e r o c y s t 
c) Hormogonial r e l e a s e from mature trichome with necridium 
d) Mature trichome a f t e r c e a s i n g hormogonial r e l e a s e 
e) Hormogonial r e l e a s e a f t e r a d d i t i o n of Fe to F e - l i m i t e d 
c u l t u r e 
( i i i ] low P medium 
a ) Hormogonium 
b) Young trichome with h e t e r o c y s t 
c ) Hormogonial r e l e a s e from mature trichome w i t h necridium 
d) Mature trichome a f t e r c e a s i n g hormogonial r e l e a s e 
e) Hormogonial r e l e a s e a f t e r a d d i t i o n of P to P - l l m i t e d c u l t u r e 
stan(Jar(j mG(Jium 
D704 lOpm 
b) r r T m - > 
c) 
^ ^ ^ ^ ^ ^ 1 0 0 urn ^ 300 pm 
50^m 
- F e meijium 
a) <nxa> 
b) f j ' » UL> 
d) C l l n i l l l X D C ^ ^ 
low P me(jium 




APPENDIX 2. DATA ON Anabaena D697 DURING GROWTH IN STANDARD. - Fe. LOW P 
MEDIUM. 
T h i s appendix p r e s e n t s the data on Anabaena D697. which r e f e r s to the 
t e x t i n 4.2, 4.3. 4.4. D e f i n i t i o n of the c h a r a c t e r s are given i n 2.9. 
Table A2.1 Dimensions (pm) of morphological c h a r a c t e r s of Anabaena 0697 i n 
standard s a l i n e medium ( 4 . 2 ) . 
day v e g e t a t i v e c e l l h e t e r o c y s t a k l n e t e sheath 
length width length width length width 
0 5.5 7.5 10,5 10,5 - -
2 5.5 7.5 12.5 12.5 - - -4 5,5 8.5 12.5 12.5 - - -
6 5.5 8,5 12.5 12.5 15.5 12.5 -
8 5.5 8.5 12.5 12,5 15.5 12.5 -
10 5.5 8.5 12.5 12.5 15.5 12.5 -
12 5.5 8.5 12.5 12.5 15.5 12,5 3.5 
16 5.5 8.5 12,5 12.5 20.5 19.5 7.5 
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Table A2.3 Dimensions (pm) of morphological c h a r a c t e r s of Anabaena D697 i n 
- Fe s a l i n e medium ( 4 . 3 ) . 
day v e g e t a t i v e c e l l h e t e r o c y s t a k i n e t e sheath 
length width length width length width 
0 6.5 7.5 9,5 10,5 _ 
2 6,5 8.5 9,5 10,5 - - _ 4 6.5 8,5 9,5 10,5 - - -
6 7.5 8,5 10,5 12.5 15.5 12.5 -
8 7,5 8,5 10,5 18,5 15.5 12,5 _ 
10 7.5 8.5 10,5 13,5 22.5 16.5 2.5 
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Table A2.5 Dimensions (pm) of morphological c h a r a c t e r s of Anabaena D697 i n 
low P s a l i n e medium ( 4 . 4 ) . 
day v e g e t a t i v e c e l l h e t e r o c y s t a k i n e t e she 
length width length width length width 
0 6.5 7.5 8.5 9.5 _ _ 
2 6.5 7.5 10.5 12.5 - - -
4 7.5 9.5 10.5 12.5 - - -
6 7.5 9.5 10.5 12.5 15.5 12.5 -
8 7.5 9.5 10.5 12.5 15.5 12.5 -
10 8.5 9.5 10.5 12.5 18.5 12.5 <1 
12 8.5 9.5 10.5 12.5 17.5 12.5 2.5 
14 8.5 9.5 10.5 12.5 17.5 15.5 5.5 
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Table A2.7 Dimensions (pm) of morphological c h a r a c t e r s of Anabaena D697 
a f t e r a d d i t i o n (day 12) of Fe to F e - l l m i t e d c u l t u r e s i n s a l i n e medium. 
day v e g e t a t i v e c e l l h e t e r o c y s t a k i n e t e sheath 
length width length width length width 
0 (day 12) 6.5 7.5 12.5 12.5 15.5 12.5 4.5 
1 6.5 7.5 12.5 12.5 15.5 12.5 4.5 
2 6.5 7.5 7.5 10.5 12.5 12.5 4.5 
3 6.5 7.5 7.5 10.5 10.5 9.5 -




















































CO in o o o o 
I I CM CM CO ^ in 
9 
c o c M c o i n i n o e ~ 0 ) 
C M C M C M C M C M C O C M C M 
o o o i n o o c ^ b -
























































I I I I I I I I 
I I in in o o o 
iH CM CO ^ CO 
in in I I I I I I 


























03 r H 
(H 3 
(M u 




r H r H 
•rH 
<tH 
1 a. O 
(H o a •M 









•rH c o 
(d •rH 
r H +J 
3 •r1 B TJ 










r H •rH 





















Id x: a 
CO o xs a >. 















CD CO CO CO 
CO CO CO CO 
o o o 
CO CM rH 





O rH CM CO 
208 
Table A2.10 Comparison of the morphological changes In responses before and 
a f t e r a d d i t i o n of Fe and P t o respective Fe- and P- l i m i t e d c u l t u r e s of 








F e - l i m i t a t i o n 
Fe a d d i t i o n 






P - l i m i t a t l o n 
P a d d i t i o n 








Fig. A2.1 Morphological changes of Anabaena D697 grown I n s a l i n e medium 
( i ) standard medium 
a) Young f i l a m e n t 
b) Mature f i l a m e n t 
c) Mature f i l a m e n t w i t h akinete 
( i l ) - Fe medium 
a) Young f i l a m e n t 
b) Mature f i l a m e n t w i t h vacuolation 
c) Mature f i l a m e n t w i t h akinete 
( i i i ) low P medium 
a) Young f i l a m e n t 
b) Mature f i l a m e n t 
c) Mature f i l a m e n t w i t h akinete 
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F ig. A2.2 Electron micrograph of Anabaena D697 grown i n - Fe saline 
medium 
1-2) Heterocyst w i t h t h y l a k o l d ( T ) , i n t r a - t h y l a k o i d vacuoles 
( I V ) , pore channel (PC) 
3,5, 7-10) Vegetative c e l l w i t h t h y l a k o i d ( T ) , i n t r a - t h y l a k o i d 
vacuoles ( I V ) , polyphosphate granules (Pp), 
carboxysomes (Ca). gas vacuole (GV), cyanophycin (C) 
6) Akinete w i t h t h i c k sheath (S), cyanophycin (C) 
1-10) were taken at x 5500: 9000: 7000: 7000; 7000: 




Fig. A2.3 O p t i c a l micrograph of blue heteroccyst (1-8) of Anabaena D697 
a f t e r a d d i t i o n of Fe t o F e - l i m l t e d c u l t u r e i n s a l i n e medium 
Blue heterocyst (B Het). vegetative c e l l (VC). gas vacuoles 
(GV) and the unrecognized granules (UG) 
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B H e ^ 
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F i g . A2.4 E l e c t r o n micrograph of Anabaena D697 a f t e r a d d i t i o n of Fe t o Fe-
c u l t u r e i n s a l i n e medium 
1-12) Vegetative c e l l (VG). t h y l a k o i d ( T ) , polyphosphate 
(Pp), carboxysomes (Ca), gas vacuole (GV), cyanophycin 
pool (CP), l i p i d bodies (Lb) 
Heterocyst (Het), cyanophycin pool (CP), 
pore channel (PC), plasma membrane (PM). c e l l w a l l 
(CW). no 1-12 were taken a t x 9000; 11700: 11700: 9000; 
7000; 11700: 15200: 9000; 5500; 9000; 9000; and 9000 
r e s p e c t i v e l y 
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APPENDIX 3. CULTURE COLLECTION RECORDS 
This appendix presents the data recorded f o r each s t r a i n , used i n the 
present study, on the Durham Cu l t u r e C o l l e c t i o n database. The record are 
presented i n tlie standard format f o r output from the database. 
DD253 C A L O T H R I X V I G U I E R I FREMY 
S t r a i n R e p e a t i s o l a t e s i 
C o u n t r y f o u n d : Date'- F i n d e r ! D e t a i l s o+ s i t e : 
CUBA 
C u l t i j r e s o u r c e ' D a t e ' S e n d e r ' I s o l a t e d by 
CCAP 1^^10/6 3 0 / 0 5 / 7 4 
A x e n i c on 0 2 / 0 5 / 8 4 a n d c l o n a l on 0 0 / 0 i ) / 7 4 by 
G r o w t h ! temp 2 5 l i g h t medium AD P ( l ) F e ( 0 . 4 ) 
DD550 C A L O T H R I X P A R I E T I N A THURET 
S t r a i n R e p e a t i s o l a t e s ! 
C o u n t r y f o u n d ! D a t e ! F i n d e r ! D e t a i l s of s i t e ' 
ENGLAND 0 0 / 1 1 / 7 9 D . L W i N G S T O N E 0 0 2 0 - 4 5 
C u l t u r e s o u r c e ! D a t e ! S e n d e r ! I s o l a t e d by: 
D.LIVINGSTONE 
A x e n i c on 2 2 / 0 8 / 8 0 a n d c l o n a l on 2 2 / 0 8 / 8 0 by D.LWUNGSTONE 
G r o w t h ! temp 2 5 l i g h t 100 medium AD P ( l ) F e ( 0 . 4 ) 
Z0Q6Q3 ] C C A L O T H R I X ILSP. 11 
S t r a i n C 1 R e p e a t i b d I a t e s C D D 6 D 4 
C o u n t r y f o u n d : D a t e : F i n d e r : D e t a i l s o f s i t e : 
[ B A N G L A D E S H IZ ] CH . D . C A T L 1 N G I C A G l ^ A K H O L A DUR s t e m 
C u l t u r e s o u r c e : D a t e : S e n d e r : I s o l a t e d b y : 
C ILDU/nU/BUlL 3 C J . U , S I M O N 
A x e n i c anZQQ/QS/QZl a n d c l o n a l o n ZQQ/QS/BZl b y C J . W . S I M O N 
G r o w t h : temoZ321 l i g h t C l D D 1 m e d i u m C C H U I D D - N p H 7 . D + H E P E S 
L i Q u i d n i t r o g e n C 0 6 8 1 ] [ 0 7 7 8 6 X C R Y 0 P 1 5 E S . 1 0 % DMSO . 
ZU6B21Zlb/07/B6 3 C C R Y 0 P R E S . 1D% D M S O . 
C 0 ^ j B 3 ] C 1 0 / D 6 / a 3 3 C C R Y 0 P R E S . N O ; 
• 0 ^ 7 6 D I C H O T H R I X SR. 
S t r a i n R e p e a t i s o l a t e s ! 
C o u n t r y f o u n d : D a t e : F i n d e r : D e t a i l s o f s i t e : 
S E Y C H E L L E S 0 5 / 0 8 / 8 4 B.A.LJHITTON ALDABRA 
C u l t u r e s o u r c e ! D a t e s S e n d e r ' I s o l a t e d by: 
I.A.M.MAHASNEH 
A x e n i c on 2 8 / 1 0 / 8 4 a n d c l o n a l on 2 8 / 1 0 / 8 4 by I.A.M.MAHASNEH 
G r o w t h : temp 3 2 l i g h t 100 medium CHU lOD / 70y. SEAUATER 
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